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Preface

It is my intention to introduce the Lewis Research Center and to give you an idea of the scope of
our activities so that you will better understand the origins of the contents of this meeting.

We are called an energy conversion center in the broadest sense. We convert energy from one
form to another: fuel to horsepower for aeronautics, ions to thrust for space, and wind to electricity
for terrestrial energy. We consider ourselves the finest rescarch and technology center in the free
world to pursue these activities,

For those of you who are not acquainted with the National Aeronautics and Space
Administration (NASA), it is an independent agency of tiie Fecleral government. The Administrator
and the staff headquartered in Washington interface with ihe Office of Management and Budget and
with the Congress. They advocate programs, present them to the Congress, and manage the broad
programs of the agency.

The programs are implemented by eight NASA field centers and the Jet Propulsion Laboratory
at the California Institute of Technology. Three of the field centers were formerly part of the
National Advisory Committee for Aeronautics (NACA): Lewis Research Ceiter (Ohio), Langley
Research Center (Virginia), and Ames Research Center (California) are the research and technology
centers of the agency. NASA’s mission-oriented centers were acquired or created when NASA was
organized. They are Goddard Space Flight Center (Maryland) mostly for space science, Lyndon B,
Johnson Space Center (Texas) for manned spacecraft, John F. Kennedy Space Center (Florida) for
space launches, George C. Marshall Space Flight Center (Alabama) for large launch vehicles, and the
smaller National Space Technology Laberatories (Mississippi) for testing rocket engines and the Jet
Propulsion Laboratory (California) for planetary missions. Among the centers, there is, of course,
some interlocking of roles and missions.

Our job at Lewis is to work with industry and universities a; a team, develop the research and
technology base, transfer the technology to industry for commercialization or to a mission-oriented
center, and then back away gracefully to seek bigger dragons to conquer. We have been doing that
for many years in the aeronautics business.

The NASA Lewis Research Center occupies approximately 350 acres beside the Cleveland-
Hopkins Airport and 6000 acres at Sandusky (about 60 miles west) where we have some larger
facilities, including an experimental wind turbine, and storage facilities.

Lewis, then called the Aircraft Engine Research Laboratory (AERL), was formed in 1941 as an
expansion of the powerplant work of the NACA Langley Laboratory. AERL contributed to our
military air superiority during World War II. In the 1940°s and 1950’s researchers here developed
many of the features still seen on today’s gas turbine engines. As the joint sponsorship of this
conference attests, we still have close relations with the Department of Defense, even though most of
our activities are commercially oriented. The efforts to meet the requirements of military engines,
although quite different from those of commercizl engines, have often resulted in benefits to both
technologies.

Also in the 1940’s and 1950’s, we built major propulsion test facilities, which are still active. We
are very proud of our plant.

In 1948 the Center was renamed the NACA Lewis Flight Propulsion Laboratory. In 1958 it was
again renamed the NASA Lewis Research Center, after which the Center role expanded, mainly to
exploit for the space program the technologies that we had developed over the years. But aeronautical
propulsion research and technology is still one of our bread-and-butter items, and we continue to be
very active in that area.

To support NASA’s space activities, we have greatly expanded chemical rocket and electric-
propulsion technology. We developed space-power technology, and, in part because of that
expertise, we are now developing technology for terrestrial-power systems for the Department of
Energy.

Basic and applied mechanical ccmponents and lubrication research, especially in the high-
temperature, high-speed bearing area, has become a center of excellence here at Lewis. The study of
high-energy rocket propellants, including hydrogen, was pioneered heie at Lewis. Of course, that
activity opened new vistas.

iii

et a2t e atal e tata atim i st e L e e Al e e NP TOROr P - e

Mt D TGN L WA

-

% v ¥




v_..-'.- Ty 1‘... 1»-;*';‘\:"-':'-,;.,,_. TG
W
-

- W - PN . RIS i e R R e i e A R T At CeTee
”“- AN R N R e S T ‘ “ 4 . R = .

BN OICN SN AN

We have had development and management responsibility for medium-class launct vehicles,
specifically, /itlas, Agena, Atlas-Centaur, and Titan-Centaur. The Atlas-Centaur will continue to be
"the workhorse for medium-size peyioads until the space shuttle becomes operatlonal at which time
o Atlas-Centaur will be phassd out.

m Recently we were designated as NASA's center for snace-comwmunications research and
) technology. That assignment came because of our electronics expertise with instrumentation and data
gathering on various eagines and our experience with the Communications Technology Satellite in
the 12- to 14-gigahertz band. That assignment is new, &nd eventually you will see some big antennas
here at Lewis Research Center for use in high-frequency research in the 20- to 30-gigahertz band.
The Congress amended the Notional Aeronautics and Space Act of 1958 to authorize NASA to
n work in terrestrial energy, where national needs are so acute. Some of our studies have dealt with the
Stirling and gas-turbine automobile engines. Here again. we are teamed with industry-—Ford Motor,
General Motors, and American Motors General, who work with engine companies, Our objective is
to develop the technology base and then back away. Those companies are accusto:ned to looking at
the Government as a regulator. They ars very pleased that NASA is not such an organization, and we
: are developing a very fine rapport, although it has taken a little doing.
! We manage the Department of Energy’s program for large wind turbines. That program started
in 1975 with an experimental wind turbine at Plum Brook—a 100-kilowatt machine, which we stil!
use for testing new techniques. We develop and install stand-alone photovoltaic systems, including
energy generation, storage, and distribution. For example, the Papago Indian Viliage of Schuchuli,
Arizona, now has lighting, refrigeration, sewing machines, and pumped water—all made possible by
a Lewis-supplied solar cell system. So too, a village in Upper Volta, Africa, at the request of the State

Department.
b Among other topics of research and development are hydrodynamics, and coal cogeneration—a
L process intended to convert dirty, high-sulfur, Ohio coal to electricity without poltution.

In aeronautics, Lewis’ work ranges from studies on basic processes like fluid flow and
combustion, to components like compressors and turbines, to full-scale systems. Although we do not
develop engines at Lewis, we do use engines as a research tool. For example, the F100 engine is used
in one of our test cells to study control techniques, where inlet area, compressor blade angle, fuel
flow, rotor speed, and exhaust nozzle area all vary as functions of altitude and flight speed.

We conduct propeller research for general-aviation and commercial transport aircraft. Recently
we developed an energy efficient propeller that is 80 percent efficient at Mach 0.8 for a potential
33.percent improvement in fuel consumption. Because of the emphasis on energy conservation, the
concept of a high-speed, advanced turboprop is of interest to the airlines and the aircraft industry in
general; we are pursuing that concept.

In space propulsion, we are working on advanced engines that will take spacecraft from near-
Earth orbit to geosynchronous orbit. Electric thruster technology is at the point where we are
transferring it to the Marshall Space Flight Center so that they can develop a space clectric propulsion
system (SEPS), using ten of these thrusters in a stage for planetary missions. Also, we are actively
pursuing low-thrust chemical rockets. Such rockets ma* be used to help construct large, space-based
antennas for communications and air traffic control.

In space power research and technology (R&T), we are the Center for solar cell development for
NASA. We are looking at gallium arsenide cells as well as at advanced techniques for silicon cells. We
do all of NASA’s R&T for batteries for space applications, Although we have concentrated on the
silver-zinc system, some of our techniques have been transferred to both industry and the
. Department of Energy for the developnient of nickel-zin« batteries for terrestrial use. We do all the
. fuel-cell R&T work for space. That technology, too, has been transferred to systems for terrestrial

applications.

From our studies of the communications market, we have concluded that the present
frequencies, which include 14 to 16 gigahertz and lower, will be saturated in the mid-1980’s. To create
a new capability, we are looking at the 20- to 30-g.gahertz range, which involves a new body of
technology. ;
& . We are now in the process of defining what communications demonstration experiments are ‘

.A needed and what key technology developments are required. The intent is to put all the complicated
[‘, . equipment in the satellites and use very low-cost ground terminals. Eventually we will have antennas
that can be fitted into a small suitcase. Such a multibeam satellite will service all th: United States,
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including Alaska, Hawaii, and Puerto Rico.

In the terrestrial energy business, we are very careful to pick technologies that are synergistic to
our mainstream aeronautics and space efforts. We have two big gas-turbine development projects for
automotive propulsion: one with AiResearch and Ford and one with Detroit Diese! Allison and
Pontiac. The government puts up the high-risk front-end money and eventually the automotive
industry will cost-share as we go downstream. We think we can obtain a 20 to 30 percent
improvement in fuel consumption with virtually no pollution. The question is whether this can be
done economically and with all the “‘ilities’’: reliability, maintainability, producibility, and so forth.

I keep emphasizing that we work with industry as a team to develop the concepts and then back
away graczfully. We work very closely with the universities as well . We make research grants to
universities; we have a cooperative program where faculty members are in residence here, especially
during the summer; we have co.op students; and we have joint research programs. These joint
programs generally involve basic and applied research. The results of several such working
agreements are presented at this conference.

And, of course, we work with other government agencies, the previously mentioned
Departments of Energy and Defense as well as the Department of Transportation. For example, we
have developed a radar device that measures the extent and thickness of the ice on large bodies of
water, in this application the Great Lakes. We have transferred the completed device to the Coast
Guard. With the ice information the device provides, the Coast Guard produces, in season, daily ice
charts. Being able to avoid iced areas has greatly extended the navigation season on the Great Lakes.

NASA expenditures are modest; in fact, we get less than nine-tenths of 1 percent of the U.S.
Federal budget dollar. The largest outlays in the Federal budget are for direct benefit payments to
individuals. Incidentaliy. in the last two decades, this item has gone up from 24 to 43 percent;
national defense is now about 27 percent. NASA’s budget is about 1/15 of what you pay as intere.t
on the Federal debt,.

The Lewis budget for Fiscal Year '81 is about $500 million. Three-fourths of this money goes
directly to research and development, about 80 percent of which is performed through contracts and
grants; almost one-fourth is civil service salaries, utilities, guards, cutting the grass—keeping the
plant going. About 2 percent is for new facilities and the major rehabilitation of old facilities.

The research and development dollar split is about one-third each: aeronautics, space, and
energy. Our manpower split is quite different; about two-thirds of our staff is devoted to aeronautics.
We consciously limit the staff associated with energy programs so that we can keep our aeronautics
and space role consistent with the personnel ceiling of 2679 persons imposed by the Office of
Management and Budget through NASA Headquarters.

At Lewis over half of the staff are scientists and engineers. Thus we are a very high-technology
center. They are supported by over 1000 skilled craftsmen, te:hnicians, and operators of big
facilities, and by some 300 very fine administrative professionals.

We operate in a matrix fashion. Project offices in the Aeronautics, Space, and Energy
Directorates receive support from the other parts of the organization. For example, the Automotive
Gas Turbine Project Office is located in the Energy Directorate. It receives technical skills from the
Science and Technology Directorate, for example, materials, bearings, seals, transmissions,
compressors, turbines, and combustion. It receives computer services from the Engineering Services
Directorate. From the Technical Service Directorate, it receives test-installation services, technicians,
and related services. And from the Administrative Directorate, procurement services, photographic
setvices, and so forth. The Aeronautics, Space, and Energy Directorates are responsible for
advocacy, planning, work breakdown structure, and definition of the tasks associated with projects.

The science and technology people not only support the projects, but they are also responsible
for maintaining expertise in their own disciplines. It is their work in basic and applied research that is
the backbone of our superior technology.

The three support organizations are Administration, Engineering Services, which includes
computing, engineering drafting, facility support, and design services, and Technical Services, which
provides technicians and crafismen.

Our investment cost in building and facilities is over $300 million in 1950-1960 dollars; thus the
estimated replacement cost is well over one and a half billion dollars.

This has been a very brief introduction to the Lewis Research Cemer. This Center, in partnership
with American industry, has helped create the nation’s prominence in aeronautics that contributes to
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our national defense, assures a safe, reliable commercial transportation system, and greatly aids our
position in international trade. The proceedings of the Advanced Power Transmission Technology
Symposium reports-on the results of cooperative efforts of NASA Lewis and the U.S, Army
Propulsion Laboratory, Army Aviation Research and Development Command in bearing, gearing,
lubrication, and transtnission technologies. The cooperation has been productive. Our objective is to
make the results of this effort available to the U.S. industrial community on a timely pasis, We
believe that you will find the technical content of these proceedings interesting and useful and we
expect that you may be surprised at the breadth of our activities.

John F. McCarthy, Jr.
Director
NASA Lewis Research Center
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Foreword

A nation’s greatness in the course of history can be measured in part by its scientific and
technological contributions and advances. These contributions and advances are reflected in the
nation’s standard of living and its stature in the international community. A function of the National
Aeronautics and Space Administration (NASA) has always been to contribute scientific and
technological advances in the aeronautical and space sciences. These contributions have also had
significant technical impact in the nonaerospace industrial community. As a result, a very productive
partnership has been formed between NASA and industry and university organizations. The NASA
Helicopter Transmission System Technology Program is one such partnership.

The Helicopter Transmission System Technology Program is a cooperative effort between
NASA and the U.S. Army Aviation Research and Development Command. The program, which has
been funded for 5 years, began in October 1977. It comprises both fundamental and applied research
on the bearing, gearing, lubrication, and mechanical power transmission technologies, with focus on
helicopter power transfer systems. The program elements are being performed at the Lewis Research
Center and on contract and grant with U.S. industry and universities. During the course of the
program, more than 20 orgamzations have contributed to it. Within the first 3 years, these
contributions have yielded advanced technology, which is believed to be broadly applicable to a
variety of industries. This symposium was scheduled at the midpoint of the program to review the
advances made to date,

The Advanced Power Transmission Technology Symposium, cosponsored by the NASA Lewis
Research Center and the Army Aviation Research and Development Command, was held June 9 to
11, 1981, at the Lewis Research Center, Cleveland, Ohio, in conjunction with the NASA Lewis
Research Center’s Technoiogy Utilization Office. Attendance at the symposium was approximately
350, representing the aerospace, mechanical power transmission, bearing, gearing, and lubrication
industries, as well as the academic community.

The most important ingredient of any technical conference is the participants, whose interest
and support are absolutely crucial. Of the technical presentations, 12 were by NASA and Army staff
members, and 19 were by NASA contractors. Those who served as chairmen of the various technical
sessions were: Bruce H. Pauley, Vice President, Engineering and Research, Eaton Corp.; Henry E.
Sawicki, Manager, Drive System Design, Hughes Helicopter; Charles A. Moyer, Chief Engineer,
Applications Development Laboratory, The Timken Co.; Walter G. O. Sonneborn, Director,
Advanced Composite Airframe Program, Bell Helicopter Co.; Carl O. Albrecht, Manager, Power
Train Technology, Boeing-Vertol Co.; Kenneth Rosen, Manager, Systems Design and Development
Engineering, Sikorsky Aircraft Co.; and James B, Anderson, Mechanical Power Transmissio:
Design Specialist, Bendix Corp. Harrison Allen, Chief, Technology Utilization Office, Lewis:
Research Center, and his staff coordinated all symposium arrangements. George K. Fischer and
Herbert W, Scibbe coordinated the staff members of the NASA Lewis Bearing Gearing and
Transmission Section in making arrangeiments for (he technical presentations and symposium papers.

Numerous other people at the Lewis Research Center contributed to the success of the
symposiuin. Among these are the staff of the Technical Services Directorate who provided
outstanding technical support to the transmission program and the Management Services Division.
We would therefore like to thank these people for their generous gifts of time and energy. These
proceedings consitute a tribute to their dedication and contributions.

James E. Burnett Erwin V. Zaretsky
Director, Technology Head, Bearing, Gearing,
Utilization and Public Affairs and Transmission Section

Symposium Cochairmen
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R U.S. Army Aviation—NASA Interface

Richard Carlson

m Shortly after World War 11, the Army Air Corps was combined with the newly organized U.S,
ey Air Force, As ¢ result, very little interest in aviation remained in the U.S. Army. The smail amount of
cd aeronautical research and development was that contemplated was conducted by the Ordnance Corps

N from 1945 to 1952, Engineering Development and Procurement was handled by the Air Force at

i Wright Fleld. In 1952 the Transportation Research Command (TRECOM) was formed at Fort

g Eustis, Virginia, and the elements of Army aviation R/D conducted by the Ordance Corps were
b transferred to TRECOM. TRECOM existed until 1964, when the Aviation Systems Command

" (AVSCOM) was formed in St. Louis, Mo. The Aviation R&D portion of TRECOM was reorganized
E as the Army Aviation Material Laboratories, known as “AVLABS.”’ About a year later General
Chesarek and General Bill Bunker concluded, after numerous studies, that the Ariny nceaed to
develop inhouse expertise in addition to that which was already available at AVLABS. At that time
the AVLABS organization was conducting aviation R&D primarily by means of industry contracts.
u What was needed were additional personnel and facilities. Costing studies were conducted and
+ 1 revealed that the Army did not have available the resources necessary to expand its in-house R/D
c capability. However, it was the facilities requirements that resulted in prohibitive expansion costs,
.o not the personncl or project costs, This prompted the Army to propose the NASA Ames, a joint
Army-NASA agreement to occupy and operate one of the 7- by 10-foot subsonic wind tunnels at

:‘nj.: Ames Research Center to pursue low-speed Aeromechanics Research Projects of mutual interest. The
' initial Army organization was named the Army Aeronautical Research Laboratory (AARL). Fifty
by Army personnel spaces were involved, some of which were aaded to NASA Administrative and

Technical Staff as the “‘Quid Pro Quo"’ for facilities and support required by the Army,

The ARRL experiment prospered and in 1968, Phil Carlson of the Lockheed-California
Company, was nsked by General Chesarek to examine the entire requirement for Army Aviation
Research. The industry-wide committee formed by Phil Carlson recommended that the Army form a
new organization that containcd AVLARBS, AARL, and two new activities, similar to AARL, to be
formed at NASA Lewis and NASA Langley. This new organization, the U.S. Army Air Mobility
Research and Development Lanoratory (USAAMRDL), is essentially the organization that exists
today. Four years ago the old Aviation Systems Command (AVSCOM) was divided into the Aviation
R/D Command (AVRADCOM) anc the Troop Support and Readiness Command (TSARCOM).
The current organization, now called the Army Aviation Research and Technology Laboratories, is
composed of the Aeromechanics Laboratory at Ames, the Propulsion Laboratory at Lewis, the
Structures Laboratory at Langley, and the Applied Technologv Laboratory at Fort Eustis, Virginia.

As was the case with the original AARL operation, NASA and the Army share resources in a
very unique fashion. The Army and NASA have a ‘‘quid pro quo’ since the Army lacks

. Aeronautical Research Facilities and NASA lacks needed personnel spaces. Therefore, the Army
[ provides personnel spaces to NASA in exchange for support and facilities provided by NASA. The
H result is one of those rare situations in which both parties are happy with the arrangement.

) The Army and NASA have pursued four large programs in the last 10 years which required long-
- term resource commitment, These programs were the XV-18 tilt rotor, the rotor systems research
aircraft (RSRA), the rotor systems integration simulator (BSIS), and the more recent integrated

- technology rotor/flight research rotor program (ITR/FRR). These types of programs are formulated
. at the bench level, are developed and go forward to NASA Headquarters and to the Department of
}_ . the Army. If approved, a Memorandum of Understanding is prepared and signed by the Assistant
b Secretary of the Army for Research and Development, and the NASA Associate Administrator for

Acronautics and Space Technology.

. Less visible, but by no means less important, are the various programs such as the NASA
. Helicopter Transmission System Technology Program, Although this program is not necessarily the
type of effort that requires a long-range commitment of resources, it takes the same kind of planning
and dedicatioi to execute successfully. In fact, we have a problem in the Department of the Army
(and Defer. o) with this type of joint Army/NASA program. New action officers read descriptions of
such Army/NASA programs in the modern Army Research and Development Information System
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(MARDIS) and then review the NASA KTOP’s, and invariably call us to say that the Army/NASA
programs sound identical. And, in many instances they are because they are, in fact, joint programs,
with common goals.

Another type of NASA support is even less heralded than the programs that you will hear about
for the next three days: The NASA involvement in the support of developing new systems and fielded
equipment, which originates from all three NASA Aeronautical Research Centers. This support takes
the form of wind tunnel tests, flight and ground simuiation tests, and the very highest types of
techunical and professional support available in the country. John Acurio, who is the Director of the
Army Aviation Propulsion Laboratory at the NASA Lewis Research Center prepared a list of this
type of support that NASA Lewis has provided for the U.S. Army. It ranges across all systems,
including the OCH-58, UH-1's, CH-47’s, and Army Helicopter Improvement Program (AHIP), as
well as across all types of components including engines, shafting, transmissions, gears, bearings,
seals, and clutches. This continued support, to every conceivable mechanical component in the
helicopter, was one of the basic ingredients in Generals Chesarek’s and Bunker’s decision to seek out
and nurture the NASA/Army relationship. We believe, some 16 years later, that the relationship is a
two-way proposition since it provides the U.S. Army with much needed support. It provides NASA
with the opportunity to get niuch closer to systems requirements issues and problems that develep
downstream in fielded systems. The U.S. Army believes that NASA relationship is a positive element
in Army Aviation R/D.

I would like to turn from history and the types of Army-NASA projects and show you what we
think the new systems in the 1990’s and early 2000’s will look like. The Army has two new systems,
the advanced attack helicopter (the Apache) and the utility tactical transport {the Blackhawk) that are
currently being developed and introduced in the field. For these two systems we envision a number of
product improvements and block improvements during the next 20 to 25 years. The Rotor Systems
Research Aircraft (RSRA), the advancing blade concept (ABC), and the XV-15 Tilt Rotor Aircraft
projects are all approaching completion and form the technological base for new systems being
contemplated. These configurations expand the operational capabilities of Low Disk Loading
Vertical Takeoff and Landing Vehicles—capabilities with regard to agility, speed and range that can
be applied to the AHIP, the new Light Helicoptor Experimental (LHX), and a new special
Electronics Missiz: Aircraft (SEMA-X). _

I would likec 1o present what I consider to be a very special challenge to the U.S. Helicopter
Industry in general and to the mechanical power trarsmission community, in particular. About seven
years ago, a Soviet engineer produced a textbook, or a methodology outline dealing with Soviet
helicopter design techniques that engineer, Tishenko, was a protege of M. L. Mil, for the most
successful producer of Soviet helicopters. The first thing that fascinated us was that, the approach to
system design was from purely economic, as is the case ia the western world. More of a surprise was
that they were using some of the Air Transport Association direct operating cost techniques
developed in this cc iy in the 1940°s. The book was translated and analyzed by Professor W. Z.
Stepniewski who pointed out that all of Tishenko’s hypothetical helicopters seemed to inciude new
technology trends, such as weight {rac.ons, rotor performance, and Powerplant Specifics, that were
consistent with the new technology being developed in this country and western Europe. This was in
contrast to all of Mil’s previous production helicopters, which were 15 to 20 years behind the times.
Obviously, the Soviets are prodigious readers, and they have done an excellent job of assessing
western technology. That these technology trends were so consistent with western practice was not
coincidental; Tishenko had, in fact, set them as goals for new Soviet helicopters.

The reaction to he book was varied. Some of us said, ‘‘Its one thing to predict, but quite another
to produce.”’ Others said, ‘‘The Russians are coming.’’ And indeed they are. One of the hypothetical
configurations in Tishenko’s book was a 52-meiric-ton single-rotor heavy-lift helicopter. This
helicopier was exhibited at the 1981 Paris air show. Designated the Mil-26, it weighs 110,00C pounds
fully loaded. Many of the old design guidelines have modified: They have raised rotor disk loadings,
recignized :he design requirements for ‘‘hot-high’’ performance ir Southern Asia, and increased
rotor tip speeds. The relationship between systzm weight and output torque fcr previous Mil
helicopters was higher than that for Western world single-rotor helicopters and tandem-rotor
helicopters. The Mil-26 drive system weight falls on the Western world single-rotor trend line. So, the
Russians have arrived; they have predicted and produced; and there is our challenge.
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3 —\  NASA Technology Tran/s/fer .

Harrison Allen, Jr.*

NASA'’s aerospace programs provide research and develrpment in a broad range of scientific
and technical disciplines including the fields of bearings, gearing, lubrication, and transmissions.
Such aerospace-related technology can often contribute significantly to nonaerospace applications in
U.S. companies and industries. Consequently, the rapid dissemination of aerospace-related
information to private industry is highly desirable. The NASA Technology Utilization Program is
concerned with the transfer of new aerospace technology to nonaerospace use, including its
application to new and improved industrial processes and to the development of new and improved
commercial products,

The NASA Technology Utilization Program is a continuing effort to make aerospace
innovations, new scientific knowledge, and new technical skills broadly available to industry and to
the public. Technology transfer can occur in a variety of ways. Traditional modes of data tsansfer
involve NASA’s technological data bank, which consists of NASA reports and other documents.
There are some 2 million documents (fig. 1) in this data bank, and about 10,000 additions are made
each month, Some of these documents are from NASA and its contractors; the rest are from a
worldwide information network. Just like private industry, NASA needs access to a world data bank
to supplement its information sources.

The 10,000 new documents each month are abstracted in two journals (fig. 2): STAR, the
Scientific and Technical Aerospace Reports, and IAA, the International Aerospace Abstracts.
Together these journals provide comprehensive, current coverage of the world cutput of aerospace-
related scientific and technical publications.

The STAR journal, published by NASA, is issued twice monthly and covers government and
private industry reports (fig. 3). About 22 percent of these reports are published by NASA and
NASA contractors, 22 percent by the Department of Defense and its contractors, 17 percent by the
Department of Energy and its contractors, and 10 percent by other government agencies. The balance
comes from foreign countries and miscellaneous sources. STAR is available on subscription at $60.00
per year.

The companion journal, International Aerospace Abstracts, is published by the American
Institute of Aerconautics and Astronautics under agreement with NASA, It, also is issued twice
monthly, covers documents reported in technical society meetings and in professxonal journals. !
STAR and IAA have identical formats and indexing systems. The technical documents abstracted in 5
IAA (fig. 4) are 45 percent domestic and 55 percent foreign. Russia and Great Britain are the largest 5
individual foreign sources. IAA is available on subscription at $400 a year. 1

Of course, subscribing to these journals is easy, but a person normally does not have enough
time to read these journals, consisting of 200 or more pages, every 2 weeks. Therefore, all documents -
in the data bank are under full bibliographic control; that is, they are categorized by subject, indexed, .%
multiple cross-indexed based on selected key words, and microfilmed, and filed on magnetic tape for .
compuier search and retrieval. Although this data bank and the computer search capability for the
bank were set up to meet NASA'’s needs, the NASA Technology Utilization Program has taken steps
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to make this information available to American industry through the NASA application centers f:;
(fig. 5). i
To promote technology transfer, the job of the NASA network of application centers is to Y

provide information retrieval services and technical assistance to industriai and government clients. 15
The network consists of eight Industrial Application Centers (IAC) and two State Technology
Application Centers. Each center is located on a university campus and serves a geographical area.
One of these centers, the Computer Software Management and Information Center (COSMICQ), is :
responsible only for distributing NASA computer programs. The two IAC’s closest to Lewis are at h

TR

*NASA Lewis Research Center.
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Figure 1. - Current NASA data bank.
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the University of Pittsburgh and the University of Indiana. The IAC can search the NASA data bank
using standard or specific profiles. The fee for the IAC service covers only the cost of the search, not
NASA'’s cost to supply the data bank. The IAC’s have a membership of over 10,000 companies with
a yearly renewal rate of over 50 percent. The IAC service fee varies with the level of use. For more
information about the services and fees, contact the Industrial Application Center in your region.

NASA AND 0.0.D, AND
CONTRACTORS CONTRACTORS
%~ 2%

DOE AND CONTRACTORS
FOREIGN 1™

10—

OTHER GOV'T AGENCIES
10%

MISCELLANEOUS 11% CS-81-2822

(1981 Dats)

Figure 3. - STAR abstract of report literature.

The NASA system of technology transfer personnel
and facilities extends from coast to coast and pro-
vides geographical coverage of the nation’s primary
industrial concentrations, together with regional
coverage of state and local governments engaged in
technology transfer activiiies.

KX NASA Field Center Technology Utilization Officers:
manage center participation in regional technology
utilization activities.

W Regional Remote Sensing Applications Centers:
provide training, conduct dumonstrations and offer
technical assistance to users of remote sensing data.

® Industrial Applications Centers: provide information
retrieval services and assistance in applying relevant
technical information to users needs.

O State Technology Auplications Centers: provide
technology transfer services similar to those of the
Industrial Applications Centers, but only to state
governments and small businesses within the state.

O  The Computer Software Management and Informa-
tion Center (COSMIC): offers government-developed
computer programs adaptable to secondary use.

A Application Teams: work with public agencies in
applying aerospace technology to solution of public
sector problems.

Figure 5. - NASA's technology transfer network.
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For specific ...formation concerning the activities
described above, contact the appropriate technology
transfer personnel at the addresses listed on the
following pages. For information of a general nature
about the Technology Transfer Program, address
inquiries to the Director, Technology Transfer
Division, NASA Scientific and Technical Information
Facility, Post Office Box 8757, Baltimore/Washington
International Airport, Maryland 21240.

(Taken from a current Tech
Briefs Journal. See the appendix of this report for the addresses of
technology transfer personnel.)
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Originally, the IAC’s started with the NASA data bank. However, their customers have
encouraged them to cxpand their data banks so that they currently include such typical data banks as
Chemical Abstracts, Engineering Index, and American Society of Metals. Presently, the IAC’s
provide information from over 240 data banks containing over 10 million documents.

L A less traditional mode of transferring new technology, or more correctly, of transferring an
E awareness of new technology, is NASA’s Technology Utilization (TU) confer ices. At such
:;:‘: conferences, NASA encourages the conference attendees to inquire about areas of interest to them.
:I_{_'- We thea can arrange for telephone discussions with NASA field center technical staff or for private

meetings with the engineers and scientists at a center,

At every NASA field center there is a TU Officer, whose mission is to transfer technology. (See
fig. 5, and the appendix.) He is there to answer questicns or find the people who can. .

The NASA TU Program uses several other means to transfer technology. We publish Tech
Brief Journal (fig. 6}, which is a collection of cne-page descriptions of innovations in a variety of
fields. The journal is free and available to industry on request. An interested person or company can
reqliest to be put on our mailing list by completing & subscription card. Unfortunately, because of the
large demand and the limited number of journals that we can publish at no charge, we have a waiting
list. v

The TU Program also produces a series of documents called “‘Special Publications,’” which
cover technology of interest to a particular industry, such as _

SP-5053, Conference on Selected Technology for the Petroleum Industry

SP-5057, Selected Technology for the Electric Power Industry

SP-5103, Selected Technology for the Gas Industry

SP-5111, Sputtered and Ion Plating

SP-5112, NASA Contributions to Fluidic Systems

SP-5059, (01), Solid Lubricants
The TU Program has a variety of applications projects whose aims are to transfer aerospace
technology to recognized needs. An application project is undertaken by NASA in partnership with a
user public-sector agency or American industry, with all partners providing funding. These projects
are usually in the fields of health care, public safety, transportation, or industrial productivity.

For example, NASA approached the Parker Hannifin Corp. here in Cleveland in 1979 with the
idea of developing, in conjunction with Johns Hopkins University researchers, a tiny pump that,
once implanted in a patient, would deliver precise amounts of medication. Parker had developed for
the Viking Mars Lander mission, a miniature valve they called a ‘‘peanut valve” that regulated the
injection of precise amounts of nutrient solution into the Martian soil samples as part of an
experiment to look for micro-organisms on Mars. Parker has successfully adopted the valve for the
biomedical application, and clinical testing of the new device is scheduled to begin later this year
(1981). A companion product, developed concurrently, is an external medication pump called
““Micromed,’’ that is much smaller than the smallest pump currently available to insulin-dependent
diabetics.

NASA encourages private industry to contact the TU Officers at its field centers, who would be
delighted to discuss aerospace technology that might be applicable to industrial needs.

Appendix—NASA TU Network

Technology Utilization Officers

Ben D. Padrick John Samos )
Ames Research Center Langley Research Center d
Code AU: 240-2 Mail Stop 139A .
Moffett Field, CA 94035 Hampton, VA 236&S Y

(415) 965-6471 (804) 827-3281 l
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Gussie Anderson

Hugh L. Dryden Flight Research Center
Code OD/TU Office~Room 2015

P. O. Box 273

Edwards, CA 93523

(805) 258-3311, Ext. 787

Donald S. Friedman
Goddard Space Flight Center
Code 702.1

Greenbelt, MD 20771

(301) 344-6242

John T. Wheeler

Lyndon B. Johnson Space Center
Coae AT 3

Houston, TX 77058

(713) 483-3809

U. Reed Barnett

John F. Kennedy Space Center
Codce ?T-SPD

Kennedy Space Center, FL 32899
(305) 867-3017

Industrial Applications Centers

Aerospace Research Applications Center
1201 East 38th Street

Indianapolis, IN 46205

John M. Ulrich, director

(317) 264-4644

Conrputer Software Management
and Information Center (COSMIC)
Suite 112, Barrow Hall

University of Georgia

Athens, GA 30602

John Gibson, director

(404) 542-3265

Kerr Industrial Applications Center
Southeastern Oklahoma State University
Durant, OK 74701

Robert Oliver, director

(405) 924-0121

NASA Industrial Applications Center
701 LIS Building

University of Pittsburgh

Pittsburgh, PA 15260

Paul A. McWillianis, executive director
(412) 624-5211
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Harrison Allen, Jr,
Lewis Research Center
Mail Stop 7-3

21000 Brookpark Road
Cleveland, OH 44135
(216) 433-4000, Ext. 422

Ismail Akbay

George C. Marshall Space Flight Center
Code ATO1

Marshall Space Flight Center, AL 35812
(205) 453-2223

Aubrey D. Smith

NASA Resident Office—~JPL
4300 Oak Grove Drive
Pasadena, CA 91109

(213) 354-4849

Gilmore H. Trafford
Wallops Flight Center
Code OD

Wallops Island, VA 23337
(804) 824-3411, EXt, 201

New England Research Applications Center
Mansfield Professional Park

Storrs, CT 06268

Daniel Wilde, director

(203) 486-4533

North Carolina Science and Technology
Research Center

P. O. Box 12235

Research Triangle Park, NC 27709
Peter J. Chenery, director

(919) 549-0671

Technology Applications Center
University of New Mexico
Alburquerque, NM 87131
Stanley Morain, director

(505) 277-3622

NASA Industrial Applications Center
University of Southern California
Denny Research Building

University Park

Los Angeles, CA 90007

Robert Mixer, acting director

(213) 743-6132
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State Technology Applications Centers

NASA /University of Florida
State Technology Applications Center
311 Weil Hall
University of Florida
Gainesville, FL 32611
J. Ronald Thornton, director
Gainesville: (904) 592-6626

Orlando: (305) 275-2706

Tampa: (813) 974-2499

NASA/University of K=ntucky

State Technology Applications Program
109 Kinkead Hall

University of Kentucky

Lexington, KY 40506

William R. Strong, manager

(606) 258-4632
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Army Readiness and the Production Base

50
i...-

James M. Hesson* U

l

The relationship of our defense industrial base to national security is so well known that it is
considered tc be ‘‘conventional wisdom.' The two are so interdepzndent as to be completely
inseparable. This has not always been so.

Before World War I, war involved men more than machines. When we entered World War I, we
had to depend on our aliies for much of our military equipment. Long lead times associated with the
domestic production of war materiel precluded establishing a viable production base within the
required time frames.

American-built combat aircraft were not provided to France until long after the end of
hostilities, and early elements of the American expeditionary force in France had to use British
Enfield rifles instead of American Springfields. What materiel the U.S. did provide was mostly
produced by the arsenals of the Army’s production base. While this lesson was fresh on our minds,
Congress enacted a number of programs designed to acczierate industrial production and provide the
neederl reserves of weapons, equipment, and materiel.

In spite of this emphasis, the defense industrial base had deteriorated by 1939, and the United
States found itself unprepared for Worid War I1. Demands for war materiel by our allies provided an
early stimulus to our industries, and L«fore the end of the war we had demonstrated a vast industrial
capability. Our ability to surge the industrial base to meet the requirements of a protracted war cbuld
not be questioned. As proof of this capability, at the he!,nt of the production effort we were
producing 50 000 aircraft, 20 000 tanks, 80 GO0 artillery pieces, and 500 000 trucks a year. In March
1944 we built 9117 military aircraft. At the end of World War II this industrial might was realined to
the civilian sector. The advent of the nuclear age created the feeling that the last great conventional
war had been fought and that a large-scale surge capability for war materiel production was no longer
needed.

The Korean war revealed few industrial base problems. A healthy industrial base existed as a
result of the buildup during World War II, and few shortages were experienced.

Recognizing the potential conflict between consumer and national security requirements,
Congress passed the Defense Production Act in 1950. Basically, this act gave the President authority
to accelerate the production of critical defense items, to guarantee loans to expedite deliveries of
% critical materiel, and to direct government loans to industry to expand plants and facilities in order to
i develop or produce essential materiel.

During the Vietnam war the industrial base had little difficulty responding to requirements for
3 military supplies. Since the United States, for the most part, controlled the rate of buildup in
: Southeast Asia, production rates presented few problems.

In recent months we have heard a great deal about the deterioration of the American industrial
base. The economic position of the United States relative to other major industrial powers is the
primary indicator. The problem is fourfold: Aging capital equipment, lower employee productivity,
shortage of employees with critical skills, and availability of critical materials. The problem of lower
employze productivity is many-faceted and can be attributed in part to older, less sophisticated plant
equipment and in part to lack of worker skills. Since there are many undefined variables, I will avoid
the problem of worker productivity and address the problems associated with the remaining three
areas: aging plant equipment, «ack of workers with critical skills, and availability of critical materials.

First, our plant equipment is old and is getting older. For example, 77 percent of the DOD
inventory of machine tools is 20 or more years old. In private industry approximately 36 percent of
the machine tools are in the over-20 category. Our problem here is compounded by a multibillion
dollar backlog of orders in the machine tool industry. Whereas many of our machines are old
outmoded types, most Japanese and West German industries have been built since World War II.
Their equipment is new and is based on the support of today’s technology. Further, our current

> rsr v v w
R AT
T R

LR 2SR

-,
. dP el el AP

LA sy e g ey o

*U.S. Army Troop Support and Aviation, Materiel Readiness Command.
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economic conditions inhibit modernization. Top government and industry officials continue to
wrestle with this problem with little signs of success.

The United Kingdom has many of the same plant equipment problems as the United States,
while Japan and West Germany are examples of what modernized industry can accomplish. The first
major step ‘oward resolution of any problem is recognizing that a problem does, indeed, exist. The
problem of insufficient capital investment to modernize our industrial base is recognized at all levels
in both the public sector and the private sector, and positive steps at macrolevels are being taken to
effect a solution,

Several actions are available to encourage and help expand the defense-related industrial base.
Muitiyear contracting, repeal of the cancellation costs ceiling for multiyear coniracting, relief from
the full funding policy, and relaxed restrictions on advanced procurement are being considered.

For the purposes of this discussion on the availability of workers with critical skills, our
production workers may be plased into two broad categories: the skilled tool and machine trades and
the manufacturing trades. The manufacturing trades are those people who man our production
assembly lines. For the most part the tasks that these workers perform are simple and can be easily
lcarned. By applying wages as an incentive, workers in this category can be obtained in the type and
quantity needed and at the geographic location desired. There is little concern about this area. I am
concerned, however, about the skilled manpower shortage that exists in the tool and machine trades.
Current studies show that the nation will be short 250 000 machinists in the next § years. Both
Department of Labor and private suctor initiatives to qualify skilled machinists through training
programs have met with limited success. The shortage leads to competition {or available labor and
upward pressure on costs. The problem is further complicated by thie many years of intensive training
required before a person reaches the status of master craftsman. Traditional appren.iceship
programs require 8000 hours of on-the-job training plus a minimum of 576 hours of classroom study.
The problem is further compounded because the aptitudes required for development of machinist
skills are the same as those required for engineering and other highly technical professions, resulting
in a high level of competition for available talent.

Even if capital equipment and skilled workers were available qualitatively and quantitatively, we
would still have the problem of the availability of critical materials, Such minerals and metals as
cobalt, chromium, manganese, and mica simply are not available in the United States. Design and
manufacture of many of our modern armament systems depend on minerals that the United States is
forced to import. The availability of most of these critical raw materials is dependent on politically
unstable, third world, undeveloped nations. The availability of these raw materiale on an
uninterrupted basis cannot be assumed under ideal peacetime conditions. During time of war, the
availability of these raw materials would be highly questionable. Or= answar to this problem would
be to stockpile huge supplies of these materials—e 0ugh to satisfy any contingency. We do, in fact,
mainta’n stockpiles of strategically critical minerals and metals, but such stockpiling is extremely
expensive, and there is always the question of how much is enough.

Because of the factors that I have discussed—Ilack of modern, capital equipment, lack of skilled
workers, and shortages of critical industrial raw materials—we are having to rely more and more on
foreign scurces for critical components., We are becoming more and more dependent on the
productivity of other industrialized nations of the world rather than improving our own productivity.

Now, how does the design engineer fit into the overall scheme of things? What part can the
designer play to help ease the problems that I have just discussed? One of your primary concerns
must be “‘producibility”’ or ‘‘reproducibility.” Let us look for a few minutes at some of the aspects
of producibility that should be foremost in the designer’s mind.

First, the designer should be concerned about unit cost—*“design to cost.’’ The name of the
game is more bang for the buck. How many guns can we afford? How many planes, ships, and
missiles? With a 1000-dollar budget, you can have one 1000-dollar gun or ten 100-dollar guns. (The
purist may argue that the 1000-dollar gun is 10 times as good as a 100-dollar gun.) Unit cost
reductions with enhanced capability are not outside of our reach wnd should be a design goal. Small,
hand-held calculators that cost considerably less than 100 dollars now perform functions previously
performed only by machines that cost many thousands of dollars. This, of course, can be called
technology growth. The fact remains that cost defines quantity, Our adversaries deal in mass, and,
while we generally are technologically superior, the lower the unit cost the more we are able to build
up our readiness posture,
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This brings me to the second *‘producibility’’ consideration. It is ‘‘designed to produce.’’ As 1
mentioned previously, skilled tool and die makers represent critical skills, while production-line
workers are in greater supply and can react more quickly to surge demands, Avoid high technology
production methods that require higher-order workers whenever poss.ble.

The designer should also avoid ‘‘sole source’’ situations whenever possible. I call this *‘designing
for multiple producers.’’ Hardware designs that can be produced by only one contractor and
subsystems that are supplied by only one vendor drive cost up, affect production lead time, and
severely reduce surge capability. Such situations are also highly sensitive to perturbations, such as
labor problems, and nutural disasters, such as storms, fioods, fires, etc. Further, subcontractors and
vendors may be reluc.ant to increase their production base because of the uncertain nature of military
procurement. Sole-source production places heavy demands on the industrial base in terms of capital
equipment, skilled workers, and critical materials requirca. Every effort should be taken to maximize
the sources of supply.

The designer must also be sensitive to the availability and cost of materials required. This design
parameter is difficult, for as we demand greater strength, longer life, and less weight, the materiels’
content tends to increase in composition complexity. However, as pointed out earlier, many minerals
and metals used in the manufacture of modern technology materiels are expensive, are in short
supply, and are supplied by politically unstable nations. Copper is an expensive metal in fluctuating
supply. At one time enormous amounts of copper tubing were used by the building industry, PVC
(polyvinylchloride) is cheaper, easier, and quicker to install, the materials are readily available, and
virtually untrained labor can be used. To top it all off, the PVC tubing has a longer life expectancy
than its metal counterpart.

Reliability must also be high on the designer’s list of concerns. Each of us has had, at one time or
other, an unpleasant experience with an unreliable item—be it an automobile, lawn mower, or
washing machine. (Sometimes we use less socially acceptable adjectives to describe these products.)
These are the items that stay in the repair shop or are out of operation more than in. You soon
develop strong feelings about both the item and its manufacturer. A field soldier is no different. An
airplane or helicopter that is not reliable results in high maintenance cost, low mission capability,
supply surges, and a lack of confidence by the pilot and maintenance technicians. An unreliable
aircraft in a combat situation is intoleratie, and combat is what defense preparedness is all about.

Simplicity of operation and maintenance is &lso a primary design thrust. True frustration is
trying to change the spark plugs on an automobile only to find that you practically have to
disassemble the auiomobile to get to them. Proper design of the automobile is when all of the spark
plugs can be easily removed with a standard plug socket and when maintenance requirements are
reduced through reliability design of the ignition system to maximize intervals between replacement.

Our interface with Army readiness begins before the production process. We must collectively
optimize the design of our hardware around the considerations just outlined. The task is not easy but
one we must all strive for.

How does the future look? I remain optimistic because we are becoming aware of the state of
our industrial base. We recognize that the defense industrial base is dependent on private industry.
However, as we review the past we must learn for the future.

As a result of mobilization of U.S. industry during World War 11, a privaie sector defense
industry did appear, and it was sustained by postwar production requirements. It was this segment of
the industrial base that supplied most of the materiel needed duing the Korean war. Additionally, a
trend was established which deemphasized the use of costly gocvernment-owned facilities in favor of
privately owned industrial resources that icould produce war materiel faster and cheaper. As the
military procurement budget has declined, defense contractor: have continued to migrate from the
military market to the more lucrative and stable commercial segment of the economy. The very low
profit margin for government contracts and the increasing administrative complexity of our
procurement process cause many contractors to shy away from defense production. These factors,
coupled with industry’s decline in productive capability, unless corrected, put our readiness posture
at question. According to General Slay, as commander of the Air Force Systems Command speakiug
to the House Armed Services Committee’s Industrial Preparedness Panel, “‘It is a gross cortradiction
to think that we can maintain our position as a first-rate military power with a second-rate industrial
base.’’ I have confidence that the Army industrial preparedness can improve significantly in the next
few years. All budgetary, political, and economic factors point in that direction. However, we must
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do our part through emphasis on producibility of design.

This production base has eroded over the past few years, and it will take tirae and tough politir!
and economic decisions to rectify the problems. We must collestively work to ameliotate the situation
to assure an improved military preparedness.

The readiness of the Army begins with all of you here, the people who are driving tomorrow’s
technologv. But your technology must transit through an affordable and viable manufacturing
process to be usabie for the soldier in the field, I encourage all of you to make that transition process
possible.
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s - NASA Helicopter Transmission System
Technology Program

< Erwin V. Zaretsky"
:' Man’s goal to achicve flight is recorded in the legends and mythology of the human race. By
-

emulating the flapping of bird’s wings, we made our first attempts at flying. The ancient Chinese
devcloped a flying toy which by rotary motion produced lift. This rotary-winged toy eventually
found its way to medieval Europe. 1n the later part of the 15th century, Lconardoe de Vinci sketched
his concept of a vertical flying machine (fig. 1), probably based on the Chinese rotary-winged toy. De
Vinci’s proposed powerplant for his rotorcraft was a spring. In 1843, over 300 years after de Vinci,
Sir George Cayley sketched his concept of an “*Acrial Carriage’’ (fig. 2), which showed some insight
into rotary wing flight, including a mechanical power transmission system (refs. 1 and 2).

On November 13, 1907, nearly 4 years after the Wright brothers achieved man’s first powered
flight, Paul Cornu achieved the first free f{light of a rotary-winged aircraft, The aircraft had twin
rotors powered by a 24-horsepower engine. In 1910 Igor Sikorsky attempted, for {he second time,
vertical flight on his S-2 rotorcratt (fig. 3). He subsequently abandoned efforts on rotorcraft until
the 1930’s (refs. 1 and 3). In 1925 the first real breakthrough in rotary-wing design was achieved with
the invention, by Juan de la Cierva (fig. 4), of the autogyro. Although his aircraft was not a true
vertical-lift machine, his contribution to rotor design estabilished the Jesign theory and data which
the helicopter industry subsequently adopted (ref. 1).

Because of the success of Cierva, Sikorsky was motivated once again to look at the possibilities
of helicopter design. On September 14, 1939, Sikorsky achieved his first successful flight in his
VS-300 helicopter powered by a piston cngine (fig. 5). The VS-300 became the prototype of all
subsequent helicopter designs (ref. 3).

The next dramatic breakthrough was the advent of the turbojet aircraft engine and its
application to the helicopter in the mid-1950’s. With the higher propulsion power available, much
bigger helicopters were practical, The mechanical power transmission system, which interfaces the
engine and the rotor, was now subjected to higher loads and speeds. As turbine engine technology
improved in the 1960’s, the bearing and gearing technology required in the helicopter transmission
did not keep pace with the engine technology improvements. As a result, the transmission became a
kev factor in limiting the life and reliability of the helicopter in the 1970’s. It is also important to
operating costs. For example, the mechanical drive system can account for as much as half the
maintenance co.t of the helicopter.

It has been estimated that the free world demand for helicopters in the 1980's will be in excess of
29 000 aircraft worth an estimated 30 billion dollars. Of this amount, the ¢ivil market will require
approximately 21 000 aircraft worth approximately 14 billion dollars, and the military market will
require approximately 8000 aircraft worth approxiinately 16 billion dollars. United States .
manufacturers are expected to capture 8 billion doilars of the civilian market and 6 billion dollars of .
the military market. Hence, the United States should remain the primary marketplace for new
helicopters, providing we maintain a technology lead. With the increase in the civil helicopter market,
the financial stakes justify a greater effort on part of the United States to capture a greater percentage
of the world market,

It has long been a requirement to provide technology to obtain long-life, efficient, lizt..weight,
and compact mechanical power transmissions that are also low-cost and quiet for both commercial
and military helicopter applications. In general, current state-of-the-art transmission systems are
disturbingly noisy to the pilot and passengers. The maintenance rate on these transmission systems is
unacceptably high and, as a result, their reliability for long-life application is relatively low. The time
between overhaul (TBO) and mean time between failures (MTBF) on present-day helicopters is much
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Figure 3. - Igor Sikorsky's S-2 helicopter, Figure 4, - Juan de la Cierva's autogyro.

Figure 5. - Sikorsky's V¥S$-300 helicopte-.

16

P L T S S T - . N . . . . . . .
- Lo ta LN, SR v W WP PN D PV TP SV Uit iy, S S W e, I WY PP VI TV SN G IO T WO TSI W e S, S . - 4




T

LAt Te T e e Jon gieete. 3 LN 3

lower than that required for economical commercial operation. The helicopter drive system is
generally heavier than desired.

The realization of technological improvements for future helicopter drive systems can only be
obtained through advanced research and development. The purpose of the NASA Helicopter
Transmission System Technology Program is to improve specific mechanical components and the
technology for combining these inco advanced drive systems to make helicopters more viable and cost
competitive for commercial applications.

Program History

The Bearing, Gearing, and Transmission Section of the NASA Lewis Research Center has had a

long history of research in mechanical components technology. The section’s genesis dates back to

the early 1940’s and the National Advisory Committee for Aeronautics (NACA), the predecessor to
NASA. In 1970 the section began to act in a consulting capacity to 1J.S. Army Aviation in the area of
mechanical components and transmission systems. Several joint programs were initiated between the
U.S. Army Resc..ch and Development Command Propulsion Laboratory of the U.S. Army
Research and Technology Laboratories, and the Section (refs. 4 to 8). In February 1973 NASA
Headquarters suggested that the various research programs that the Section was performing be
integrated into a transmission system technology program. By June 1973 the first draft of the
proposed program was completed. The program was divided i.ato four basic elemznts: (1) defining
the operating characteristics of current state-of-the-art helicopter transmissions;
(2) advancing the state-of-the-art for mechanical components such as rolling-element bearings, gears,
and lubrication systems and integrating these components into advanced technology transmissions;
(3) investigating the concept of traction and hybrid (combined traction and gear) transmissions for
helicopter application, and (4) investigating advanced transmission concepts for helicopter
applications. The proposed program was coordinated with the various elements of the Army
Aviation Research and Development Command. Based on input from the Army and NASA Office of
Aeronautics and Space Technology, the transmissions program focused on two classes of helicopter
transmissions. The first was in the 300- to 500-hp range with a single engine input, The second was in
the 3000-hp range with two engine inputs.

It was decided that baseiine data were to be obtained with the 317-hp Bell OH-58 helicopter
transmissions which has had a long service life. The transmission was derived from the OH-4
helicopter transm ssion. This helicopter was itself the forerunner of the five-seat civil Bell Jet Ranger,
the civilian version of the OH-58. The Army has approximately 2000 OH-58 helicopters in its
inventory. This well-proven tranmission is representative of a line of helicopter transmissions which
are continually being improved. Three OH-58 transmissions were furnished to the Lewis Research
Center by the Army Research and Development Command, Director of Product Assurance.

At the time of program planning, the Army was making its decision to procure a 3000-hp Utility
Tactical Trausport Aircraft System (UTTAS) helicopter which would incorporate the most current
state-of-tlie-art technology. There were two prototype versions of the UTTAS Helicopter under
consideration. One was designed and manufacti-:d by the Vertol Division of the Boeing Co., and the
other by Sikorsky Aircraft Division of United Technologies. Baseline research would be performed

under the NASA program on the transmission from the aircraft chosen by the Army. This ultimately

turned out to be the Sikorsky UTTAS designated the UH-60 Blackhawk.

Funding was approved for the program beginning in October 1977 (fiscal year 1978). The
resulting program was a 5-year funded, seven-million-dollar program with 6 years for performance.

A 500-hp transmission test stand, the design and fabrication stage of which began in Oztober
1977, became operational in October 1979 (fig. 6). This test stand is capable of testing both
conventional gear and hybrid (traction/gear) transmissions at input speeds of 6000 or 36 000 rpm.

A 3000-hp transmission test stand belonging to the Army Aviation Research and Development
Command, oni which tests were performed on the Boeing Vertol version of the UTTAS transmission,
was transferred to NASA Lewis. The transmission test stand was refurbished by NASA and was put
on line at the Lewis Research Center in March 1981 (fig. 7). It is being modified to be a universal test
stand capable of accepting two input shaft arrangements of up to 3000 hp with both conventional
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Figure 7. - NASA 3000-hp helicopter transmission test facility,
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gear and hybrid traction/gear transmission systems. In addition to the transmission test stands, the
other test rigs used for the program are listed in table I.

During the first 3 years of the program, 43 NASA technical papers and technical society journal
articles were published reporting the results of the work under this program. A bibliography of these
publications is in the appendix.

TABLE 1.—FACILITIES AND TEST RIGS AT
LEWIS RESEARCH CENTER

Event Dedication

date
3000-hp Helicopter transmission test stand, dual input 1981
500-hp Helicopter transmission test stand, single input 1978
Bevel-gear endurance test rigs 1978
200-hp variable speed transmission test stand 1977
EHD lubrication test rig 1977
Ultrahigh-speed ball and roller bearing test rig 1977
300-hp transmission technology test stand 1975
Spur gear endurance test rigs 1972
Flywheel energy storage test rig 1978
High-speed flywheel bearing test rig 1978
Ball and roller bearing torque test rig 1965
Rolling element fatiguve testers 1959

g

Program Goals

If the early pioneers in helicopter design and development were asked to state their goals for
their aircraft, no doubt their answers would be

(1) Improve maintainability

(2) Improve reliability

(3) Increase life o

(4) Reduce weight i

(5) Reduce noise =

(6) Reduce vibration o]

(7) Improve efficiency. X

The first three goals basically result in longer mean time between removal (MTBR) of the '
transmission. Available statistics for military aircraft in the 1970’s indicated that transmission
removals for repair or overhaul were occurring at a MTBR of between 500 and 1600 hr of operation. -
A goal of 2500 to 3000 hr was desired. A statistical analysis of both field experience and the stated -
goal of 2500 hr results in some rather interesting findings. If it is assumed that the transmission is s
properly designad, lubricated, and maintained, the failure mode of the transmission would be by .
surface pitting fatigue of the bearing or gear surfaces. Under most conditions, this failure mode ;:;
should be benign and can be detected by increased transmission vibration, metal partical chip -
detectors, or spectrographic oil analysis. With this failure mode, it can oe expected that from 51 to 63 .
percent of an original group of transmissions will be removed from service before the MTBR. The .1
probatility of the transmission surviving a given time will always be less than the probability of the =
shortest lived component in the transmission surviving to that given time. Hence, the transmission :
life or reliability is a function of the individual lives of the components and of the number of o
components. As a simplified example, if a transmission having 20 components of equal life must
have an MTBR of 2500, then each component must have a mean life of approximately 50 000 hr
(20 x 2500). Individual artention must then be given to the bearing and gearing technology to insure : A
Jindividual long lives.
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Transmission weight as a function of pcwer is shown in figure 8. Reduced weight can be
achieved by a variety of means. These are improved structure and composite materials for the
transmission case, longer life bearing and gear materials, reduced lubrication volume, and improved
mechanical component design including reduced structure. However, the reduction of weight does
not come without its penalities. These may include increased bending deflectious of the gears and
support structures, higher bending stresses, shorter component lives, increased noise levels, and
higher operating temperatures. As a result, design trade-offs must be made to assure minimum
weight at maximum life and reliability. Analytical tools must be developed to achieve this
optimization as well as higher temperature gear materials.

Lower weight may also mean higher input speed. Hence, high-speed, rolling-element-bearing
technology can become essential. Alternatively, transmission concepts that minimize the need for
high-speed bearings, such as the bearingless planetary concept, become of interest. Also, traction
transmission concepts that eliminate or minimize the need for gears and bearings become attractive.
Split torque transmissions can also reduce weight.

Reduced noise and vibration are related. Representative noise levels in state-of-the-art
transmissions are shown in figure 9. The primary noise generators within the transmission are the
gears. While the use of high-contact-ratio gearing and gear profile modifications may reduce noise,
the amount of noise reduction is not expected to be more than 10 dB from current noise levels.
Hence, the elim:nation of the gears with traction rollers becomes attractive. Work performed by
General Motors (ref. 9) with a single row planetary-roller traction drive and an equivalent geared
planetary drive resulted in a reduction in noise level with the traction drive of approximately 30 dB.
Whether the traction technology applied to helicopter transmissions systems will result in this
magnitude of noise reduction is a question which remains to be answered.

Improv:ng the efficiency of helicopter transmissions beyond their nominal 97.0 to 98.5 percent,
at first blush, appears to be a more difficult task. It is doubtful that much can be done to the design
of the bearings or gears that will decrease their power loss. However, it is well known that tubricant
type, rheology, chemical and physical properties, as well as the amount and method of insertion into
the transmission components affect efficiency. As a result, a key element to improve efficiency is to
define the behavior of the lubricant both within the bearing and gear as well as in the transmission
system. The effects of lubricant on transmission efficiency and on bearing and gear life must be
defined. A lubricant that can provide for good efficiency can result in low component life. Hence, it
becomes vital to select those lubricants that provide for both high efficiency and long life.
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Figure 8. - Transmission weight as function of rated power.
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In view of the aforementioned, it has become the purpose of the NASA Helicopter Transmission
System Technology Program to make helicopters more cost competitive for commercial applications
through improved transmission and mechanical component technologies. The program objectives are
to (1) develop technology for the design of advanced transmission systems for helicopter
applications; (2) extend bearing, gearing, and lubrication concepts to achieve lightweight, compact,
low noise, long-life, low-cost, mechanical power transmission systems for advanced commercial
helicopters; and (3) evaluate new concepts in component and transmission tests.

Program Elements

The NASA Helicopter Transmission System Technology Program is divided into four basic
areas of research, These are

(1) Components technology

(2) State-of-the-art transmissions

(3) Advanced transmission concepts

(4) Hybrid and traction transmissions

Components Technology

Components technology research is concentrated in the field of rolling-element bearings,
gearing, lubricants, and lubrication systems. Because of the requirement for higher temperature
transmission applications, new materials are being used for gears with a minimal data base and
limited experience. In addition, heat-treat specification and control can significantly affect the life
and reliability of a gear system. Experimental definition of the relative life of gear materials and their

heat treatment can aide in the selection of potential gear materials and in determining life-adjustment
factors for life-prediction methods. Materials can rationally be selected for longer life application.
NOISE REDUCTION FACTOR
3
110 — * 10 100
100 p—
Db 90 b—
80—
10—
}4
CURRENT PROPOSED PROPOSED GOAL :

STATE OF BY HELICOPTER HYBRID ']
THE ART MANUFACTURER  TRANSMISSION

P
Figure 9, - kepresentative noise levels in state-of-the-art transmissions,
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Proper gear lub-ication and cooling has been basically an art. In general, the choice of lubricant
flow, pressure, nozzle position, and type has been based on experience and trial-and-error
methodology. Equations are being developed whereby the optimum position of the oil jets and
lubricant flow rate can be predicted with reasonable certainty to obtain efficient lubrication. Qil
volume and gear operating temperatures can be optimized for a given transmission design.

The ar plication of elastohydrodynamic (EHD) lubrication analysis to gear design -.nd operation
will enhance gear life and operation. The effect of EHD film thickness in determining transmission
life and reliability has, for the most part, been ignored by the transmission designer. Furthermore,
lubricant temperature affects film thickness and gear tooth temperature. Hence, cooling analysis of
the gear must be integrated with the EHD analysis. Selection of a lubricant affects both parameters
and can affect the efficiency of a gearbox as well ¢ its life.

Accurate dynamic stress predictions for tooth bending in the contact zone of gear teeth are very
important factors in transmission design, Finite-element techriques for both spur and bevel gears will
greatly improve stress predictions. This would allow the designer to more fully utilize the greater load
capacity of advanced transmission systems and at the satne time minimize trarsmission weight.

Tooth profile modifications and high-contact-ratio gearing offer the potential of higher
transmission loads for a given transmission weight. Similarly, for a given transmission load,
reliability and life should improve.

Rolling-element bearings operating under conditions that fall within the state-of-the-art will
generally meet or exceed the predicted life, provided the bearing is properly handled and lubricated
and providing load conditions have been correctly analyzed. ror helicopter transmission
applications, four types of rolling-element bearings are generally used:

(1) Cylindrical roller bearings

(2) Angular-contact ball bearings

(3) Tapered roller bearings

(4) Spherical roller bearings

Before the initiation of the transmission program, analytical methods that could reasonably
predict the performance of cylindrical roller bearings and angular-contact ball bearings were fairly
well established and had been experimentally verified. However, both tapered roller bearing and
spherical-roller bearing analyses were limited. Tapered-roller bearings are being used in some
helicopter transmissions to carry combined radial, thrust, and moment loads and, in particular, those -
loads from bevel gears such as high-speed input pinions. For this application tapered-roller bearings
have a greater load capacity for a given envelope or for a given weight than the more commonly used
ball and cylindrical roller bearings. The speed of tapered-roller bearings is limited to approximately
0.5 million DN (a cone-rib tangential velocity of approximately 36 m/sec (7000 ft/min) unless special
attention is given to lubricating and designing this rib/roller-end contact. At higher speeds
centrifugal effects starve this critical contact of lubricant. Moreover, the tapered be~ ‘g is sensitive
to lubricant interruption at the rib/roller-end contact, making the bearing susceptible to . “ly failure.
Developing the design methodology to solve these problems could contribute to improved
transmission life and load capacity.

Spherical roller bearings are advantageous for applications where misalinement can be expected
such as in the planet gears of a helicopter transmission (fig. 10). Contemporary design of spherical
roller bearings relies on ‘‘rules,’” hand calculations, and some modest computerized simulations.
Operating speed has been restricted to maximum DN values of approximetely 4.5 x 105. Higher speed
transmission systems may require a bearing speed of approximately 1 x 106 DN. Both analytical and
experimental verification are required to advance the technology of these bearings.

Improved analyiical meihods to predict bearing power loss and operating temperature would
greatly aide in optimizing transmission efficiency. Unfortunately, the bearing is not an isolated
component functioning independent of the other bearings and gears within the transmission system.
Proper modeling of the bearing within its operational environment is a condition precedent to the
proper prediction of the bearing’s operational characteristics.

State-of-the-Art Transmissions

Current design methodology for transmission systems uses relatively standard stress calculations
and methods dictated by AGMA standards. These methods for the most part have proven
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Figure 10. - Spherical roller bearing.

satisfactory for current applications. However, transmission life prediction methods are inadequate
and, for the most part, inconsistent from one design group to another. Transmissions can be sized
not only for stress, speed, and speed ratio but also for life. The traditional assumption of an infinite
gear pitting life is not technically acceptable.

Analytical methods to accurately predict transmission noise is another potential design tool.
While life and reliability as well as efficiency are prime design considerations, alternative desigas of
equal merit may result in significantly different noise amplitudes. Proven analytical methods for
predicting noise would aide in the proper design, selection, or modification of gear systems whereby
noise can be minimized while mechanical performance can be optimized.

The data in the open literature derining current state-of-the-art transmission technology,
supported by tests under carefully controlled conditions, are virtually nonexistent. If changes are to
be made in gear and bearing technology as applied to transmission systems, the effect of this
technology must be assessed. Hence, the operating parameters of current state-of-the-art
transmissions must be evaluated. This knowledge would allow improvements in components and new
transmission concepts to be quantified with respect to noise, vibraiion, efficiency, stresses, and
thermal gradients.

Four state-of-the-art transimissions will be evaluated under this program: (1) the 317-hp OH-58
three-gear planetary transmission (fig. 11(a)), (2) the 317-hp OH-58 four-gear planetary transmission
(fig. 11(b)), (3) the 3000-hp Sikorsky UH-60A transmission (fig. 12), and (4) the 3000-hp Boeing
UTTAS transmission (fig. 13).

Advanced Transmission Concepts

Three advanced geared transmission concepts are being investigated under this program: (1)
advanced components transmission (fig. 14), (2) bearingless planetary transmission (fig. 15), and (3)
split-torque transmission (fig. 16). Of the three, the advanced components transmission and the
bearingless planetary transmission will be fabricated under the current NASA Lewis program.

Advanced components transmission. — Based on fundamental research performed in mechanical
components, an advanced 500-hp transmission has been designed (fig. 14(a)). The concept is a high-
contact-ratio four-gear planetary iransmission for improved load capacity and life. The high-contact-
ratio gears are expected to result in lower noise and reduced dynamic loads. The main bevel gear has
been straddle mounted to iniprove deflection of the gear mounting, thereby improving load sharing
in the gear mesh. This, too, is expected to result in lower noise and improved life. The planetary ring
gear has been cantilever-mounted to relieve problems inherent in the ring-gear-to-case-spline
interface. Rolling-element bearings will be manufactured from vaccum-induction-melted, vacuum-
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(b) Planetary arrangements.
Figure 11, - 317-hp OH-58A transmission.

arc-remelted (VIM-VAR) AISI M-50 material. The VIM-VAR AlS] M-50 will result in icnger
bearing life. The bevel gearset will be manufactured from VIM-VAR AISI 9310. The lubrication
system will use the latest technology of positive radial-jet lubrication to the sun gear and spline. This
will reduce wear and increase the load-carrying capacity of the gearset.

This advanced transmission will have a weight-to-power ratio of 0.24 1b of transmission weight
per horsepower, as compared with the standard 317-hp OH-58 transmission of 0.34 Ib/hp. A life
analysis of the transmission will be conducted to assess its theoretical life. The transmission, which is
being fabricated under the current NASA Helicopter Transmission Program, will be tested on the
NASA 500-hp test stand.

The transmission design has been modified to allow for the replacement of the ball bearings with
tapered-roller bezi:nas (fiz 14(b)). Tapered-roller bearings on the ouput and input transmission
shafts offer greater ...t ci~acity ar' longer life than the ball bearings. The modification also
required some change to the cxisting housing and a new output shaft.
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(a) Main gearbox.
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(b) Main transmission.
Figure 12, - Black Hawk main transmission,

Bearingless planetary transmission, —The self-alining bearingless planetary transmission (fig.
15) covers a variety of planetary-gear configurations, which share the common characertistic that the
planet carrier, or spider, is eliminated, as are conventional planet-mounted bearings. The bearings
are eliminated by load balancing the gears, which are separated in the axial direction. All forces and
reactions are transmitted through the gear meshes and contained by simple rolling rings. The concept
was first demonstrated by Curtis Wright Corp. under sponsorship of the U.S. Army Aviation
Research and Development Command (ref, 10)., The 500-hp bearingless planetary transmission for
the NASA program is being designed to be comparable with the OH-58 baseline transmission. The
transmission weight-to-power ratio is approximately 0.27 Ib/hp. A transmission life analysis will also
be pertformed. The transmission will be tested on the NASA 500-hp transmission test stand.

Split-torque transmission. — A means to decrease the weight-to-power ratio of a transmission or
tu decrease the unit stress of gear teeth is by load sharing through multiple power paths. This concept
is referred to as the split-torque transmission (refs. 11 and 12). As pa.t of the NASA Helicopter
Transmission System Technology Program, feasibility studies are being conducted on two variants of
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Figure 13, - Boeing 3000-hp UTTAS transmission.
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(a) With ball bearings.
Figure 14, - 500-hp Advanced components transmission,
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{b) With tapered roller bearings.
Figure 14, ~ Concluded.
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Figure 15 ~ 500-hp Bearingless planetary transmission,

this concept (fig. 16). The first variant is in the 500-hp range with a single-engine input (fig. 16(a));
the second is in the 3000-hp range with a two-engine input (fig. 16(b)). Instead of a planetary-gear
arrangment, the input power is split into two sr more power paths and recombined in a bull gear to
the outpui power (rotor) shaft.

There has been no commitment to fabricate a drive of this type under the current program.
Preliminary weight estimates indicate that the weight-to-power ratio is approximately 0.24 lb/hp.
Life estimates of this concept have not been made. This concept appears to offer weight advantages
over conventional planetary concepts without high-contact-ratio gearing. The effect of incorporating
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(a) Single input. co {b) Dual input.

Figure 16, - Conceptual sketch split torque transmission,

high-contact-ratio gearing into the split torque concept is expected to further reduce transmission
weight. :

Hybrid and Traction Transmissions

Early traction drives were not competitive in size and weight with gear systems. There are several
reasons for this. First, unlike a simple gear mesh, in order to prevent slip, the normal load imposed
on a traction contact must be at least an order of magnitude larger than the transmitted traction
force, Second, the stcels used in early traction drives had a significantly lower fatigue life than
today’s metallurgically cleaner bearing steels. Third, the earlier traction drives did not benefit from
the use of modern traction fluids which can produce up to 50 percent more traction than
conventional mineral oils for the same normial load. In addition, recent advancements in the
prediction of traction-drive performance and fatigue life have added a greater degree of reliability to
the design of these drives.

To achieve high power density, the traction drive must be constructed with multiple, load
sharing roller elements that can reduce the contact unit loading. For traction drives with a simple,
single-row planet-roller format, the number of load sharing planets is inversely related to the speed
ratio. For example, a four-planet drive would have a maximum speed ratio of 6.8 before the planets
interfered with each other. A five-planet drive would be limited to a ratio of 4.8, and so on,

A remedy to the speed-ratio and planet number limitations of simple, single-row nlanetary
systems was devised by A,L. Nasvytis (ref. 13). His drive system used the sun and ring-roller of the
simple planetary traction drive, but replaced the single row of equal diameter planet-rollers with two
or more rows of stepped, or dual diameter, planets (fig. 17). With this new, multiroller arrangement,
practical speed ratios of 250 to 1 could be obtained in a single stage with three planet rows.
Furthermore, the number of planets carrying the load in parallel could be greatly increased for a
given ratio. This resulted in a significant reduction in individual roller contact loading with a
corresponding improvement in torque capacity and fatigue life.

To further reduce the size and the weight of the drive for helicopter transmission applications,
NASA incorporated with the second row of rollers, pinion gears in contact with a ring gear (fig. 18).
The ring gear is connected through a spider 10 the output rotor shaft. The numper of planet-roller
rows and the relative diameter ratios at each contact are variables to be optimized according to the
overall speed ratio and the uniformity of contact forces. The traction-gear combination is referred to
as the hybrid transmission.

Three variants of the hybrid transmission have been studied and will be fabricated in the current
NASA program. A 500-hn low-ratio variant has been fabricuted (fig. 18) and will be tested. The
transmission, which has a weight-to-power ratio of 0.27 and a speed reduction ratio of 17:1, could
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Figure 17, - Multiroller planetary tractinn drive,
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Figure 18. - Hybrid stage of 500-hp hybrid helicopter transmission. 3
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retrofit the OH-58 helicopter. The second variant of the hybrid transmission is referred to as the
500-hp high-ratio variant. This transmission has a speed reduction of 101:1. The low-ratio hybrid is
designed for a speed input of approximately 6020 rpm, and the high-ratio variant is designed for an
input speed of approximatly 36 000 rpm. Because the transmission can accommodate the higher
input speed, the 40-1b, 6:1 reduction gearbox on the engine can be eliminated, Hence, the power train
weight-to-power ratio is approximatley 0.20 Ib/hp.

Life estimates of both the low- and high-ratio variants were made. For the low-ratio variant the
mean fatigue life is estimated to be approximately 3000 hr at a 70-percent prorated load, Under
similar conditions the high-ratio variant has a mean fatigue life of approximately 50 000 hr,

The third variant of the hybrid transmission is a 3000-hp, two-engine input variant having a
reduction ratio of 81:1 with an input speed of 20 000 rpm. The transmission, which is under design
and which will be fabricated under the NASA program, could be compatible with the Army’s UH-60
helicopter. It is expected to have a weight-to-power ratio of 0.25 [b/hp. Preliminary life calculations
indicate that this transmission will have a mean fatigue life of approximately 47 000 hr at 70 percent
prorated load and 16 000 hr at a continuous 100-percent load. Testing of this transmission will be on
the NASA 3000-hp helicopter transmission test stand,

Summary of Results

The NASA Helicopter Transmission Systein Technology Program began October 1977. The
purpose of the program is to make helicopters more feasible and cost competitive for commercial

application. The program o' “ g are (1) to develop technology for the design of advanced
transmission systems for he nlications; (2) to extend bearing, gearing, and lubrication
concepts to achieve ligntw apact, low-noise, long-lite, low-cost, meclianical power
transmission systems for adv. commercial helicopters; and (3) to evaluate new congepts i1,

component and transmission iests,

The program is divided into four basic areas of rescarch. These are (i) components technology,
(2) state-of-the-art transmission, (3) advanced transmission concepts, and (4) hybrid and traction
transmissions. The area of compenent technology is concentrated in the fields of rolling-element
bearings, gearing, lubricants, and lubrication systems. The state-of-the-art transmissions to be
evaluated are the (1) 317-hp OH-53 three gear planetary tranmission, (2) 317-hp OH-358 four-gear
planetary transmission, (3) 3000-hp Sikorsky UH-60 transmission, and (4} 3000-hp Boeing UTTAS
transmission. Three advanced gear transmission concepts are being investigated. These are the (1)
advanced components transmission, (2) bearingless planetary transmission and (3) split-iorque
transmission. The advanced components transmission and bearingless planetary transmission are
being fabricated in a 500-hp singl -engine input version. The split torque is being studied for a single-
engine-input 500-hp and a 3060-hp two-engine -input version. However, the split-torque transmission
will not be fabricated under the current program, Three vaiiations of the hybrid transmission will be
fabricated and tested: (1) 500-hp single-engine-input low-ratio hybrid transmission, (2) 500-hp single-
engine-input high-ratio hybrid transmission, and (3) 3000-hp dual-engine-input hybrid transmission.
These transmissions are expected to have longer lives and significantly lower noise than state-of-the-
art transmissions and the other advanced-concept transmissions being evaluated.

The NASA Program will contribute technology towards quieter and more etficient transmission
systems having higher power-to-weight ratios at lives and reliabilities greater than state-of-the-art
systems. Further, the use of improved mechanical components, such as gears and bearings, advanced
materials and lubricants and design methodology should improve transmission maintainability and
mean time between removal.
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Transmission System Technology Program
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_.> Present Technology of
Rolling-Element Bearings

3’ Richard J. Parker®

The specification of rolling-clement bearings has progressed significantly beyond the selection of
ball or roller bearings from a manufacturer’s catalog. Applications are becoming more commonplace
where novel materials, unique lubrication techniques, and sophisticated computer analysis are
required to satisfy difficult environmental and operating conditions. Primary motivation for
advancements in the state of technology of rolling-element bearings has come from aerospace
requirements. In particular, the aircraft gas-turbine engine has provided the impetus and driving
force for quantum leaps in ball and roller bearing technology.

" Dramatic improvemnents in high-speed capabilities "of Ball and roller bearings can be directly
attnbuted to the under-race lubrication technique first described by Brown (ref. 1) in 1970, Its use for
mainshaft bearing lubrication of present turbojet engines is commonplace. The successful
application of this technique to tapered-roller bearings wrll encourage their use in higher speed
applications.

Improvements in rolling-element fatigue life have been particularly dramatic with AISI M-50,
which has evolved to a premium quality steel, incorporating improved processing, melting, and heat-
treating techniques (ref. 2). This premium quality steel is now specified by major turbojet engine
manufacturers for critical main shaft bearir:g applications.

The evolution of computerized rolling-element bearing analysis has significantly improved the
reliability of design calculations, particularly for high-speed applications. The predictions of rolling-
element bearing performance now can include thermal effects, ball or roller dynamncs time transnent
effects, and variations in lubricant modelling (ref. 3). f; 2, hnol o Cadvan e,

—__— ~"These advancements, among others;3signify the’ progress in rollmg-el‘l:rr&nt-bearmg technology
resulting from efforts to meet advancing aerospace requirements. It is the purpose of this review
paper to identify the present technology of rolling-el2ment bearings, the barriers and limits which
currently exist, and some of the future requirements that will demand further advancements. —

N~

e,

High-Speed Bearing Lubrication

During the mid-1960’s, as speeds of the main shaft of turbojet engines were pushed upwards, a
more effective and efficient means of lubricating rolling-element bearings was developed.
Conventional jet lubrication failed to adequately cool and lubricate the inner-race contact as the
lubricant was thrown centrifically outward. Increased flow rates only added to heat generation from
churning the oil. Brown (ref. 1) described an ‘“‘under-race oiling system’’ used in a turbofan engine
for both ball and cylindrical roller bearings. Figure 1 (from ref. 1) shows the technique used to direct
the lubricant under and centrifically out through holes in the inner race to cool and lubricate the
bearing. Some lubricant may pass completely through under the bearing for cooling only (fig. 1(a)).
Although not shown in figure 1, some radial holes may be used to supply lubricant to the cage riding
lands.

This lubricating technique has been thoroughly tested for large-bore ball and roller bearings up
to 3 million DN. (DN is a speed parameter equal to the bore of the bearing in millimeters multiplied
by the speed in rpm.) Results of these tests have been published by Holmes (ref. 4) with 125-mm
(4.9212-in.) bore ball bearings, Signer, et al. (ref. 5), with 120-mm (4.7244-in.) bore ball bearings,
Brown, et al. (ref. 6), with 124-mm (4.8819-in.) bore cylindrical roller bearings, and Schuller (ref. 7)
with 118-mm (4.6457-in.) bore cylindrical roller bearings. An example of the effectiveness of under-
race lubrication and cooling is shown in figure 2 from reference 8. Under-race lubricated ball
bearings ran significantly cooler than identical bearings run with jet lubrication. Beyond 16 700 rpm

*NASA Lewis Research Center.
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Figure 2. - Effectiveness of under-race lubrication with 120-mm-bore angular-
contact ball bearings. 0il-in temperature, 394 K (250° F).{From ref. 8.)
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(2 million DN) the bearing temperature with under-race lubrication increased only nominally, while
that with jet lubrication increased at an accelerated rate. Only at reduced load could the jet lubricated
bearings be run at 2.5 iaillion DN, Under-race lubrication was successfully used under a variety of-
load conditions up to 3 million DN (refs. 5 and 8).

Applying under-race lubrication to small (<40 mm) bore-bearings is more difficult because of
limited space available for grooves and radial holes and for the means to get the lubricant under the
race. For a given DN value centrifugal effects are more severe with small bearings since centrifugal
forces vary with DN2, Heat generated per unit of surface area is also much higher, and heat removal

- is more difficult in smaller bearings.

Although operation up to 3 million DN can be successfully achieved with small-bore bearings
with jet lubrication, some advantages may be attained if under-race lubrication can be used. Schuller
(ref. 9) has shown significantly cooler inner-race temperatures with 35-mm (1.3780-in.) bore ball
bearings with under-race lubrication, As shown in figure 3 (taken from ref. 9) the effect is greater at
higher speeds up to 72 000 rpm (2.5 million DN).

- Tapered roller bearings have been restricted to lower speeci applications than ball and cylindrical
roller bearings. The speed of tapered-roller bearings is limited to that which results in a DN value of
approximately 0.5 million DN (a cone-rib iangential velocity of approximately 36 m/sec (7000
ft/min)), unless special attention is given to lubricating and designing this cone-rib/roller-end
contact. At higher speeds centrifugal effects starve this critical contact of lubricant.

In the late 1960’s the technique of under-race lubrication, that is, lubrication and cooling of the
critical cone-rib/roller-end contact, was applied to tapered-roller bearings. As described in refer-
ence 10, 88.9-mm (3.5-in.) bore tapered-roller bearings were run under combined radial and thrust
loads to 1.42 million DN with cone-rib lubrication (the term used to denote under-race lubrication in
tapered-roller bearings).

A comparison of cone-rib lubrication and jet lubrication was reported in reference 11 for
120.65-mm (4.75-in.) bore tapereu-roller bearings under combined radial and thrust loads. These
bearings were of standard catalog design except for the large end of the roller, which was made
spherical for a more favorable contact with the cone-rib. Those bearings that used cone-rib
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lubrication also had holes drilled through from a manifold in the cone bore to the undercut at the
large end of the cone (fig. 4). The results of reference 11 show very significart advantage of cone-rib
lubrication as seen in figure 5. At 15 000 rpm (1.8 million DN) the bearing with cone-rib lubrication
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had a cone-face temperature 34 K (62° F) lower than one with jet lubrication. Furthermore, reference
11 shows that the tapered-roller bearing would operate with cone-rib lubrication at 15 000 rpm with
less than half the flow rate required for jet lubrication at that speed.

Further work has shown successful operation with large-bore tapered-roller bearings at even
higher speeds. Orvos (ref. 12) reported on long-term operation of 107.95-mm (4.25-in.) bore tapered-
roller bearings under pure thrust load to 3 million DN with a combination of cone-rib lubrication and
jet lubrication, Optimized design 120.65-mm (4.75-in.) bore tapered-roller bearings were run under
combin=d radial and thrust load with under-race lubrication to both large end (cone-rib) and small
end to speeds up to 2.4 million DN (ref. 13).

Under-race lubrication has been shown to very successfully reduce inner-race temperatures.
However, at the same time, outer-race temperatures either remain high (ref. 11) or are higher than
those with jet lubrication (fig. 3 (from ref. 9}). Outer-race cooling can be used to reduce the outer-
race temperature to levels at or near the inner-race temperature. This would further add to the speed
capability of under-race lubricated bearings and avoid large diffcrentials in bearing temperature that
could cause excessive internal clearance.

The effect of outer-race cooling (or cup cooling in the case of tapered-roller bearings (fig. 4)) is
shown in table I (from ref. 13). The cup outer-surface temperature is decreased to the cone bore
temperature with cap cooling. With the 35-mm (1.3780-in.) bore ball bearings of reference 9, outer-
race cooling significantly decreased outer-race temperatures as shown in figure 6.

20 — 490 — NO OUTER RACE COOLING
w =} — ~—== OUTER RACE COOLING
5& 400 — §¥ 480 — AT 1720 cm3/min (0. 45 gal/min)
[re] wi —
§§ Eg 380 | Eé = 470
o o< 460 -
=& o zZe
& ¢ W— Zu Aoy
v S5 0
DE gyl @8 Ty
& aM— TN

200 600 1000 1400 1800 2200
TOTAL OIL FLOW RATE TO TEST
BEARING, cm3/min

Y I I
0 1 2 3 4 5
TOTAL OIL FLOW RATE TO TEST
BEARING, gal/min

Figure 6. - Effect of outer-race ciuiing on cutor - ace temperature of 35-mm-
bore ball bearings at 72 300 rpm. 0il-in temperature, 394 K (250° F). (From
ref. 9.)

TABLE I. - EFFECT OF CUP COOLING ON TAPERED-R™ |.ER BEARING TEMPERATURES
[Shaft speed, 18 500 rpm; oil-in temperatur WM K (195°F); tota!

flow rate without cup cooling, 0.0114 m'/~. . (3.0 gal/min); from
ref, 13.]
Cup cooling Temperature, K (°F) ~W
flow rate, —
m3/min (gal/min) Cone Cone | Cup outer { Uil-out | Cup cooling
face bore surface oil-out
0 389 423 438 4?76 —_—
(240) (302) (329) (307)
0.0038 (1.0) 391 424 424 426 386
(245) (303) (304) (308) (235)

39

P ST S I U AP TV A SR AU WY SV UV S TS S W, SPPRL I L W WV T D Uit Vo) Tk ORI A e ot i T TS T VD P

RIS S N




Under-race lubrication has been well developed for larger bore bearings and is currently being
used with many aircraft turbine-engine mainshaft bearings. Because of the added difficulty of
applying it, the use of under-race lubrication with small-bore bearings has been minimal, but the
benefits have been demonstrated. It appears that the application of tapered roller bearings at higher
speeds using cone-rib lubrication is imminent, but the experience to date has been primarily in
laboratory test rigs.

The use of under-race lubrication in all the previous work referenced includes the use of holes
through the rotating inner race. It ust be recognized that these holes weaken the inner-race structure
and could contribute to the possibility of inner-race fracture at extremely high speeds. This subject of
fracture of inner races is discussed in a later section of this paper. It is apparent, however, that the
fracture problem in the inner races exists even without the lubrication holes.

Rolling-Element Fatigue Life

The life of a rolling-element bearing is, for design purposes, generally considered the life to
fatigue spalling of the raceways or rolling elements. The assumption is made that the bearing is
properly maintained, not abused, and properly lubricated with oil or grease. The life, in stress cycles,
to fatigue spalling is heavily dependent on the load on the bearing, the quality of the material, the size
of the bearing, and, to a lesser extent, the lubricant.

Major advances have been made in the past two decades in the quality of bearing materials.
Improved quality includes improved processing and cleanliness and greater control on material
chemistry and heat treatment. In particular, AISI M-50, the bearing material used almost exclusively
by aircraft gas-tuibine-engine manufacturers in the United States, has seen development that has
resulted in significant life improvements (ref. 2). The largest improvements are related to improved
vacuum melting techniques. Specifically, the vacuum arc :cmelting (VAR) processing technique
(ref. 2) produces a very hornogeneous material with reduced nonmetallic inclusions, entrapped gases,
and trace elements.

This process, when used in combination with the vacuum induction melting process (VIM),
produces an outstandingly clean material (VIM-VAR). VIM-VAR AISI M-50 is currently being
specified for virtually all main shaft bearings by major U.S. aircraft turbine engine manufacturers.

An example of the exceptionally long fatigue life that can be attained with VIM-VAR AISI
M-50 is presented in reference 14. A group of 120-mm-bore, angular-contact ball bearings was
endurance tested at 3 million DN and a thrust load of 22 200-N (5000 1b). The 10-percent fatigue life
obtained was over 100 times the predicted AFBMA life. This long life includes lubrication effects,
which are beneficial to life at these high speeds, so that the improvement attributed to VIM-VAR
AISI M-50 was a factor of 44 (ref. 14).

AISI M-50 is a through-hardened material, heat treated such that the hardness is uniform
throughout the section of a bearing component. Surface-hardene materials are frequently used for
rolling-element bearings, primarily in the railroad and automotive industries. Most common are the
carburized materials such as AISI 9310, 8620, and 4320 which are typically heat treated with hard
cases of Rockwell C 58 to 62 and soft, tough cores of Rockwell C 20 to 48, depending on section size.

These common carburized materials have not seen widespread use in bearings in the aerospace
industry, primarily because of their relatively low operating temperature capability of about 422 K
(300° F) (ref. 15). Several carburized steels have been developed for higher temperature use,
primarily though the addition of alloying elements such as Cr and Mo. CBS-600, CBS-1000M, and
Vasco X-2 are carburized steels with continuous service capabilities of 505 K (450° F), 589 K
(600° F), and 644 K (700° F), respectively. The hardness retention of these steels compared with the
common carburized steels and through hardened materials is shown in figure 7 (ref. 16).

While some prototype bearings have been made with these materials, in particular, tapered-
roller bearings of VAR CBS-1000M (refs. 12, 13, and 17), bearing fatigue life data are scarce.
Accelerated rolling-element fatigue data and gear fatigue data (refs. 18 to 20) indicate that the
rolling-element fatigue lives of these advanced carburized steels are comparable with the standard
lower temperature carburized steels and with VAR AISI M-50 through-hardened steel. Life data
from accelerated tests in the rolling-contact fatigue tester (ref. 18) are shown in figure 8. These
advanced carburized steels show good life potential in these accelerated tests, but full-scale bearing
life test data are scarce. It is apparent that more development is needed before they see widespread
use in critical aircraft bearing applications.
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Figure 7, - Hardness retention of advanced carburiz-
ing grade steels compared with AISI 8620 steel and
through-hardened, high-speed tool steels. (From
ref. 16.)

Computerized Analysis

Rolling-element bearing life and performance predictions have been greatly enhanced by the use
of some of the newer computer codes now available to design engineers. The ability to closely
simulate the performance of a rolling-element bearing also aids in failure analysis of systems where
the bearing or external conditions imposed on the bearing are suspect.

Computer analysis has progressed from the early elastic solutions of ball-bearing load
distributions considering inertial and centrifugal effects (ref. 21) to a more generalized theory
including lubrication and traction effects (ref. 22) and to current programs such as Shaberth (ref. 23)
and Cybean (ref. 24), which include thermal analysis and calculation of temperature distributicns in
the bearing. These latter programs give essentially steady-state solutions (considered quasidynamic)
and are useful for the majority of high-speed rolling-element bearing applications.

Computer programs of a fully dynamic nature have also been developed (refs. 25 to 29) in which
time transient motions and forces of the rollers or balls and the cage are determined. Computing time
with a dynamic program such as that described in reference 27 can become excessive (ref. 30). A
direct comparison of a quasidynamic program (ref. 23) and a fully dynamic program (ref. 26) was
described in reference 30. The ‘‘quasi-dynamic’’ program is more practical as a bearing design tool
where fatigue life, torque, and heat generation are of primary interest. The dynamic program,
although consuming large amounts of computer time, appears to be valuable as a diagnostic tool,
especially where cage motions are of interest, Shaberth and Cybean, both quasidynamic computer
programs, are discussed in more detail in references 3, 31, and 32.

The new computer codes can generate a great amount of ourput data describing bearing
performance at given input conditions. Output data such as load distributions, Hertzian stresses,
operating contact angle or srew angle, component speeds, heat generation, local component
temperatures, bearing fatigue life, and power loss are typical. But, how well does this output predict
actual conditions within an operating bearing? Only a few attempts have been made to compare
predicted performance with experimental data. A major problem has been that of obtaining
appropriate experimental data with enough detail and accuracy to make a correlation meaningful.
Currently, the analyses compute operational characteristics such as component temperatures and
roller skew angles which have not yet been experimentally verified.
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A comparison of calculated and experiteuiui performance of high-speed ball bearings is
presented in reference 33. The analysis provided a good prediction of temperatures and power losses
in jet-lubricated 120-mm-bore angular-contact ball bearings (fig. 9). In this work the critical
assumptions were the form of the lubricant traction model and the lubricant volume percent (the
assumed volume percent of the bearing cavity occupied by the lubricant),

TEST CALC,
300 = = = INNER RACE 12—
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e ,O
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| 3 A
é, 40 g 6 —
> & A TEST
T 4 L —— CALCULATED
a0 | 9 | I A R
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(a) Race temperatures. {b) Bearing power loss,

Figure 9. - Comparison of calculated and experimental ball-bearing tempera-
tures and power loss as functions of shaft speed using Shaberth computer
program. Thrust load, 6672 N (1500 1b); lubricant flow rate, 8300 cm3/min
(2.2 gal/min}; lubricant volume, 2 percent. (From ref. 33.)

Reference 34 presents a good correlation of predicted and experimental data for 118-mm-bore
cylindrical roller bearings at speeds up to 3.0 million DN. Figure 10 shows the good correlation for
race temperatures and heat transferred to oil at various flow rates. This work also shows the
importance of knowing th. operating diametral clearance that exists when mounting fits,
temperatures, and rotational speed are considered.

Another correlation of predicted and experimental data for cylindrical roller bearings is shown
in reference 35. Experiments were performed with 124,3-mm-bore bearings at speeds up to 3 million
DN, and the results were compared with analysis using the computer program described in refer-
ence 6. Predictions of both heat rejection to the oil and outer-race temperature were within 10 percent
of the experimental values.

The work reported in references 33 and 34 emphasizes the importance of selecting an
appropriate volume percent of lubricant in the bearing cavity, since heat generation and bearing
temperatures are dependent on this factor. Further work needs to be done to show how lubricant
volume percent varies with bearing type and design, lubrication method, lubricant flow rate, and
shaft speed. Despite the limitations, these com_ - rer programs have proven to be valuable tools in the
development of rolling-element bearings for specific difficult applications.

Required Technology Advancements

One of the major forces pushing the technclogy of rolling-element bearings is higher shaft
speeds and higher DN. This stems mainly from the aircraft turbine engine manufacturers who desire
higher performance and efficiency from their engines with shaft speeds approaching 3 million DN
(fig. 11 (ref. 2)). As previously discussed, operation of ball and cylindrical roller bearings up to this
speed has been successfully accomplished in laboratory tests with proper regard for lubrication and
cooling techniques. However, the high speeds bring on other problems for which solutions are not yet
in hand but which, in most cases, are currently being studied. Several of the problem areas are
discussed in the following paragraphs.
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43




——pr
DR
o

Rolling-Element Fatigue Life
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As bearing speeds increase, bearing fatigue life decreases as shown in figure 12, This decrease is
due to the increased rate of stress-cycle accumulation and centrifugal effects on the rol'ing elements,
Therefore, to maintain an acceptatle removal and/or overhaul time, increased rolling-element
fatigue life in stress cycles or revolutions must be attained. This primarily applies to the thrust ball
bearing on the high-speed shaft of a multishaft turbine engine where loads cannot be easily reduced
and, in fact, may even be increased in the newer engines with higher thrust-to-weight ratios. Evep
though premium quality AISI M-50 material has shown great increases in rolling-element fatigue
life, further life increases are needed. Modifications of the current alloys or the development of new
materials along with improved processing and heat treatment is required to provide the desired
fatigue life improvements.
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Improved Fracture Toughness

It has been shown in references 14, 17, and 36, and discussed in some detail in refcrence 2, that
bearing races made of through-hardened materials are susceptible to catustrophic fracture when
exposed to the high tensile hoop stress often present in high-speed ball and rolling bearing inner
races. To prevent this mode of failure, materials with improved fracture toughness must be used
when bearing speeds exceed about 2.4 million DN (ref. 2). Case-hardened materials have fracture
toughness values (ref. 15) high enough that they should prevent the fracture mode of failure. Further
work is needed to assure that a case-hardened material can be developed that will also provide the
required case hardness (Rockwell C 60 to 64), high-temperature hardness (up to 589 K (600° F) for
main shaft engin¢ application), and rolling-element fatigue life. Currently, programs sponsored by
the DOD and the NASA are pursuing improved fracture toughness materials.
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Figure 12. - Typical effect of DN on bearing fatigue 1ife for a given
bearing size.
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Survivability

K Of major concern in aircraft engine and transmission systems is the preveniion of catastrophic
failure in the unfortunate event of loss of lubricating oil. A typical requirement is 30 minutes of
continued normal operation of a helicopter engi~e and transmission after loss of lubricating oil
'] supply (ref. 37). This requirement was set primarily for military operations, but it is also applicable to
civilian use, such as for off-shore drilling operations. Another military requirement for turbine
’ engines is a capability of continued operation after a 1-minute interruption in the lubricant supply to
the bearings.
These requirements are increasingly more difficult to ineet as bearing speeds increase above
2 million DN for ball and cylindrical roller bearings. For tapered-roller bearings at speeds where
lubrication through the cone to the cone-rib-roller-end contact is required (above about 1 million
DN), lubricant interruption causes almost immediate bearing failure. Before tapered-roller bearings
can be safely used in high-speed positions in engines or transmissions, a solution to this limitation
must be found. Similar limits are applicable to & thrust-carrying cylindrical roiler bearing (ref. 38),
which also has ctitical rolier-end-rib contacts. Solutions to the survivability problem may take the
form of design modifications, supplementary lubricetion systems, reduced-friction coatings or
materials, or a combination of these.
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The problem of corrosion is, of course, not unique to high-speed bearings as are the previous
areas. The problem is most severe in systems with long periods of nonuse. A summary of causes for
bearing rejection at a U.S. Navy facility (ref. 39) shows that corrosion accounts for nearly one-third
of the bearing rejections from their aircraft systems, including drivelines, wheels, and accessories.
Air Force experience (ref. 40) confirms that corrosion is a major cause of rejection at overhaul of
aircraft turbine cngine bearings.

The corrosion problem is being attacked on three major fronts: corrosion-resistant materials,
corrosion-resistant coatings or surface modifications, and corrosion-inhibited lubricants. Materials
such as AISI 440C and AMS 5749 are called corrosion resistant or stainless steels, but under some
severe conditions in aircraft bearings, they will corrode. They are, however, more corrosion resistant
than the common aircraft bearing materials such as AISI M-50, AISI 52100, and the commonly used
case-carburized materials. Ceramics such as silicon nitride are truly corrosion resistant in the aircraft
environment. Although this material is not yet well developed for widespread aircraft application, it
could be applied in some specific cases.

Chromium-ion implantation has shown significant improvement ia the corrosion resistance of
AISI M-50 (ref. 41). Other surface modifications or coatings mey also provide similar benefits but
more work is needed in this area. It is probable that a combination of approaches, such as the use of
silicon nitride balls or rollers and coated raceways may be a viable solution for some applications that
require long periods of nonuse.

Currently, the lubricant provides some measure of corrosion protection in aircraft bearings
simply by keeping the components coated and moisture free. Corrosion inhibiting additives for the
commonly used MIL-L-23699 lubricant have shown promisc in laboratory tests (ref. 42), and
confirmation of the degree of improved corrosion resistance in actual aircraft systems is under way.
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Concluding Remarks

This paper has reviewed the present state of technology of rolling-element bearings. The most
recent advancements related to aircraft engine and transmission systems were emphasized, since it is
within this area that major improvements have beer realized. Improvements in the speed capabilities
of large-bore rall and cylindrical and tapered-roller bcarings have been realized with through-the-
race lubrication. Spherical-roller bearings and small-bore {<40-mm) ball and cylindrical roller
bearings have seen much less development for higher speeds, but efforts are currently under way.

Premium quality AISI M-50 steel has shown greatly improved rolling-elernent fatigue life over
the previously used materials. However, further improvements as well as in fracture toughness and
corrosion resistance are needed.
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Life and performance predictions of rolling-element bearinys are now much better because of
the use of recently developed computer programs, The programs are valuable in designing for new,
) difficult ~upli-arions and in aiagnosing operating systems in which problems or failures have
o , occurred. Further improvements in the analysis are needed, particularly in the definition of the
lubricart-air mixture in an operating bearing and in the efficiency of fully dynamlc programs which
now consume large amounts of computer time.
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ﬁ Geared Power Transmission Technology

John J. Coy”*

Gears are the means by which power is transferred from source to application. Gearing and
geared transmissions drive the many machines of modern industry. Gears move the wheels and
propellers to move us through the sea, land, and air. A very sizeable section of industry and
commerce in today’s world depends on gearing for its economy, production, and, indeed, livelihood.

The art and science of gearing has roots in pre-Christian times, and yet many scientists and
researchers continue to delve into the regions where improvement is necessary, seeking to quantify,
establish, and codify the methods to make gears meet the ever widening needs of mankind.

The art and science of geared power transmission has changed over the years from the simplest
of beginnings in wooden toothed gears for pumping water and turning grist mills to advanced
applications in helicopters and automobiles and ocean-going vessels. Gears, which were originally
-conceived by men of genius and invention, now command the attention of men of no less skill. The
gearing art has become interdisciplinary, spanning areas of endeavor which are too varied for any
one man to master, no matter how talented he may be. Gearing art, science, and applications span
the fields of kinematics, chemistry, metallurgy, heat transfc., fluid dynamics, stress analysis,
vibration, and accustics. The gear practitioner draws on a staggering array of scientific disciplines to
. , assemble a good gear design.

3 -'9 It is the purpose of this paper to briefly review the historical path of the science and art of

i gearing. The present state of gearing technology is discussed along with examples of some of the
NASA-sponsored contributions to gearing technology. Future requirements in gearing are
summarized. (.__

MmPNOO7T0Y

History of Gearing

The earliest written descriptions of gears are said to be made by Aristotle in the fourth century
B.C. (ref. 1), but the oldest surviving relic containing gears is the Antikythera mechanism (fig. 1), so
named because of the Greek island of that name near which the mechanism was discovered in a
sunken ship in 1900. Professor Price (ref. 2) of Yale University has written an authoritative account
of this mechanism. The mechanism is not only the earliest relic of gearing, but also it is an extremely
complex arrangement of epicyclic differential gearing. The mechanism is identified as a calendrical
sun and moon computing mechanism and dated to about 87 B.C. Because of the many difficulties
surrounding attempts to authoritatively document the earliest forms of gearing, there is sometimes
disagreement among authoritics. It has been pointed out that (refs. 2 and 3) the passage attributed to
Aristotle by some (ref. 1) was actually from the writings of his school, in Mechanical Problems of
Aristotle (ca. 280 B.C.). In the passage in question there was no mention of gear teeth on the parallel
wheels, and they may just as well have been smooth wheels in frictional contact. Therefore, the
attribution of gearing to Aristotle is, most likely, false. There is more agreement that the real
beginning of gearing was with Archimedes who in about 250 B.C. invented the endless screw turning
a toothed wheel, which was used in engines of war. Archimedes also used gears to simulate

Ear )

X astronomical ratios. The Archimedian spiral was continued in the hodometer and dioptra, which
. were early forms of wagon mileage indicators (odometer) and surveying instruments, These devices
- were probably ‘‘thought’’ experiments of Heron of Alexandria (ca. 60 A.D.), who wrote on the
: subjects of theoretical mechanics and the basic elements of mechanism.

[« For such a complex device as the Antikythera mechanism to suddenly appear gives rise to
h speculation regarding the origins of the gearing art. Perhaps some unknown genius invented this
) complex mechanism in one shot, and spin-offs from the major invention gave manifold applications
1 in the more mundane areas such as for grist mills and raising water. Or perhaps the art of gearing as
-

t *Propulsion Laboratory, U.S. Army Research and Technology Laboratories (AVRADCOM), NASA Lewis Research Center.
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14 (b) Sectional diagram of complete gearing system.

Figure 1. - Antikythera mechanism {ca. 87 B.C.). (Reproduced with the permis-
. sion of The American Philosophical Society.).
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seen in the astronomical device and clockworks are the culmination of much evolutionary tria! and
error and represent the paragon of synthesis in design.

Notwithstanding, the art of gearing was carried through the European Dark Ages after the fall
of Rome, appearing in Islamic instruments such as the geared astrolabes (fig. 2), which were used to
calculate the positions of the celestial bodies. Perhaps the art was relearned by the clock and
instrument making artisans of 14th century Europe, or perhaps some crystallizing ideas and
mechanisms were imported from the East after the crusades of the 11th, 12th, and i3th centuries.

It appears that the English Abbot of St. Alban’s monastery, born Richard of Wallingford, in
A.D. 1330, reinvented the epicyclic gearing concept. He applied it to an astronomical clock, which he
began to build at that time and which was completed after his death. Translated manuscripts clearly
tell of the problems of finance, management, and skeptic's ridicule that Richard suffered as his clock
was being built. Indeed, this 14th century technological project was not so different from the research
and technical projects of today!

A mechanical clock of a slightly later period was conceived by Giovanni de Dondi (1348-1364), a
model of which is in the Smithsonian Institution (fig. 3). Diagrams of this clock, which did not use
differential gearing (ref. 2), appear in the sketchbooks of Leonardo da Vinci, who designed geared
mechanisms himself (refs. 2 and 5). In 1967 two of Leonardo da Vinci’s manuscripts, lost in the
National Library in Madrid since 1830 (ref. 6), were rediscovered. One of the manuscripts, written
between 1493 and 1497 and known as ‘‘Codex Madrid I’’ (ref. 7), contains 382 pages with some 1600
sketches. Included among this display of Leonarde’s artistic skill and engineering ability are his ,
studies of gearing. Among these are tooth profile designs and gearing arrangements that were 3
centuries ahead of their ‘‘invention.”

A common interest of the period was perpetual motion machines (fig. 4), many of which used
gearing arrangements. Leonardo, who studied friction and understood the implications this had for
negating perpetual motion, categorized the seekers of such with the alchemists who vainly sought to
synthesize gold from the more basic elements. The first page of Leonardo’s **Codex Madrid I’
contains these observations: ‘‘Among the superfluous and impossible delusions of man there is the
search for continuous motion , .. always the same thing happened to them as to the
alchemists . . . because of the impossible things they promised to sovereigns and heads of state. I
remember that many people, from different countries, went to Venice with great expectation of gain
to make mills in dead (still) water, and after much expense and effort, unable to set the machine in
motion, they were obliged to escape.”

e airiem)

Figure 2, - Geared astrolabe of A.D. 1223-22 by Muhammed B, Abi Bakr of Isfa-
han. Interior mechanism is pictured. (Courtesy of The Smithsonian
Institution.)
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Figure 3. - Clock of Giovanni de Dondi (ca. 1364). Drive gears with trian-
gular teeth are pictured. A modern reconstruction, (Courtesy of The
Smithsonian Institution.)

In short, the gearing art and practice was certainly begun at least 2000 years ago and was
preserved in the practical machines for doing work, measuring distance, and keeping time. Clearly,
from the Antikythera machine onwards there was a high technology line of sophisticated gear work
preserved in the craft of clockmakers all the way through history to the Industrial Revolution.
Foliowing another line from antiquity onwards in the tradition of the wheelwright and millwright,
there were low technology gear pairs used in power transmission. These were mostly wooden gears
with lanterir pinions. There were therefore two traditions which only came together in the late 18th
and early 19th centuries: clockwork gearing used for its ratio properties and rudimentary wooden
gears used to t:ansmit power.

Progress in Gearing

In the period 1450 to 1750, the mathematics of gear-tooth profiles and theories of geared
mechanisms became established. Albrecht Dilrer is credited with discovering the epicycloidal shape
(ca. 1525). Philip de la Hire is said to have worked out the analysis of epicycloids and recommended
the involute curve for gear teeth (ca. 1694). Leonard Euler worked out the law of conjugate action
(ca. 1754; ref. 5). Gears, designed according to this law, have a steady speed ratio.

Gears were used in the early machines that powered the industrial revolution. Later, they were
used in machines to make even more gears. Figure 5 shows a hand-powered production machine used
to make clockwork gearing. This machine from the early 18th century is attributed to Christopher
Polhem of Sweden.

Since the Industrial Revolution in the mid-19th century, the art of gearing blossomed, and gear
designs steadily became based on more scientific principles. In 1893 (ref. 8) Wilfred Lewis published
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Figure 4. - Medieval perpetual motion machine driven by water wheel, Lantern
pinions drove peg-toothed wheels (E, F, H, I). The Sniral of Archimedes
(ca. 280 B.C.) was implemented as a worm drive (D, E). Cams (Q) on the
shaft 1ifted and dropped pounding posts (M, N) which pulverized material in
the container. Figure extracted from a book on machinery by George Andream

Bocklern published in Nuremberg in 1661, (Courtesy of The Smithsonian
Institution.)

et —— 7

a formula for computing stress in gear teeth. This formula is in wide use today in gear design. In 1899
George B. Grant, the founder of five gear manufacturing companies, published ‘‘A Treatise on Gear
Wheeis”’ (ref. 9).

New inventions lead to new applications for gearing. For example, in the early part of this
century (1910), parallel shaft gears were introduced to reduce the speed of the newly developed
reaction steam turbine enough to turn the driving screws of oceangoing vessels. This application
achieved an overall increase in efficiency of 25 percent in sea travel (ref. 1).

By 1916 the age of specialized machine tools for producing gears had definitely arrived. It was in
1916 that the American Gear Manufacturers Association was founded. Figure 6 shows the staff of
one of today’s leading gear companies as it was in 1902, 10 years after its founding by George Grant.
Figure 7 shows one of the machine tools that may have been inside this gear workshop. In today’s
gear shops it is common to find gears cut with machinery kept in temperature-conirolled environments.
Figure 8 shows a gear grinder finishing a pinion shaft such as would be found in a turbine-driven
oceangoing vessel or in large rolling mill gearing.
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Figu}'e 5. - Eaﬂy hand-powered production machine for making clockwork gears
by Chrisotopher Polhem of Sweden {ca. 1729), Index plate for spacing teeth.
Courtesy of The Smithsonian Institution.) 1
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Figure 6. - Philadelphia Gear Works in 1902, 10 years after its founding by
George B, Grant. Today Philadelphia Gear Corp. is one of the leading gear
producers, employing over 2000 persons. (Courtesy of the Philadelphia Gear i
Corp.)

1

The need for more accurate and quiet-running gears became obvious with the advent of the
automobile. Although the hypoid gear was within our manufacturing capabilities by 1916, it was not
used practicaily until 1926 when it was used in the Packard automobile. The hypoid gear made it
possible to lower the drive shaft and gain more usable floor space. By 1937 almost all cars used
hypoid geared rear axles. Special lubricant antiwear additives were formulated in the 1920’s which

Ghape S i SEL A 0 gn Sl 0 e o o an 2
© e e f P

54

W e T

ST RPN PG N AT S P ST S VP TR VL. G T OIS 3 ““"l‘."M""‘“




LS R n " M S i i T e i v B A e Sl SN PR C DN Ve IR i S B ) s LI e P P B
CUREN w -

U R R S R E N RN ) .
- AT W T AR T T N

S

;' B "
g

l:{ Figure 7, - Gleason bevel gear planing machine, This 7.~st commercially
% practical bevel gear planer was designed and built by William Gleason in
- 1874, (Courtesy of The Smithsonian Institution.)
;
b
;f;
Figure 8. - Maag precision gear grinding machine, custom built to Philadelphia .'ﬂ,
Gear Corp. specifications. Such machines are located in temperature and 1
humidity controlled environments to maintain precision control of y"‘i
manufacture. (Courtesy of Philadelphia Gear Corp.)
made it practical to use hypoid gearing. In 1931 Earle Buckingham, a professor at the Massachusetts ‘:f;
Institute of Technology and chairman of an ASME research committee on gearing, published a s
milestone report on gear-tooth dynamic loading (ref. 10). This led to a better understanding of why .
faster running gears someiimes could not carry as much load as slower running gears. B
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In the early 1900’s wear was the major problem in gearing, but, with the more severe service seen
in aircraft applications in the 1930's, scoring problems began to occur. Scoring is caused by a
combination of high sliding speed and high contact stress. These factors cause the lubricating oil film
to break down in a sudden and unstable manner, This mode of failure emphasized that, in addition to
cutting down friction, a prime contribution of a lubricating fluid is to provide cooling to the gears. In
1949 (ref. 11) the first real breakthrough in the theory of lubrication of concentrated contacts, such
as in gearing, occurred with Grubin’s theory of elastohydrndynamic lubrication. Although
lubrication of gears had been investigated since the early 1900's, Grubin connected the interaction of
elastic deformations in the gears with the increase in lubricant viscosity with pressure.

High-strength alloy steels for gearing were developed during the 1920’s aad 1930’s. Nitriding
and case-hardening techniques to increase the snrface strength of gearing were introduced in the
1930’s. Induction hardening was introduced in 1950. With new capability to predict strength and
lubricating conditions for gears, wear and scoring became somewhat less difficult to deal with. This
left surface pitting as the life limiting failure mode for gears. In this mode of failure small cracks
develop on and under the surface as a result of metal fatigue. Eventually, pieces of the surface are
lost, and the gears become rough and noisy in their operation and may even fail by secondary tooth
breakage. Extremely clean steels produced by vacuum melting processes introduced in 1960 have
proven effective in prolonging gear life.

Current State of the Gearing Art and Science

Gearing problems continue to occur as the ever increasing demands of power transmission and
transportation systems require. One of the major ways of identifying and solving these problems is
through the free exchange of ideas at national and international forums.

The American Gear Manufacturers Association (AGMA) membership represents approximately
80 percent of the gearmaking capacity in the United States and Canada, or approximately two-billion
dollars worth of business annually. The AGMA holds two technical meetings each year, publishes the
proceedings of these meetings, and maintains the standards used by the American gear industry.

In 1977 at the American Society of Mechanical Engineers (ASME) International Power
Transmission and Gearing Conference held in Chicago, 82 technical papers were presented (fig. 9).
At the 1980 conference in San Francisco 112 technical papers were given, and a 4-hour panel session
on the gear standards of AGMA and the International Standards Organization (ISO) was presented.
At both of these conferences there was worldwide contribution and attendance. The Fifth World
Congress of the International Federation for the Theory of Machines and Mechanisms (IFToMM)
held in Montreal in 1979, drew 350 contributing technical papers. Approximately 35 of those papers
were devoted to subjects in power transmission and gearing (ref. 12). These conferences present a
very good collection of the problems, solutions, and achievements of today’s gearing community.
State of the art reviews on various aspects of gearing are periodically published in the ASME
Transactions, Journal of Mechanical Design.

A few of the developments, originally reported in the previously mentioned forums and regarded
as advances in the state of the gear art, are described next.

Applications and 'Capabilities

In the past 20 years there has been increased use of industrial gas turbines for electric power
generation. In the range of 1000 to 14 000 hp epicyclic gear systems have been used successfully
(fig. 10). Pitch-line velocities are from 50 to 100 m/sec (10 000 to 20 000 ft/min). These gear sets
must work reliably for 10 000 to 30 000 hr between overhauls.

Bevel gears produced to drive a compressor test stand ran successfully for 235 hr at 2984 kW
(4000 hp) and 200 m/sec (40 000 ft/min) (ref. 13). From all indications these gears could be used in
an industrial application if needed. A reasonable maximum pitch-line velocity for commercial spiral-
bevel gears with curved teeth is 60 m/sec (12 000 {t/min)(ref. 14).

Gear system development methods have been advanced in which lightweight, high-speed, highly
loaded gears are used in aircraft applications. The problems of strength and dynamic loads, as well as
resonant frequencies for such gearing, are now treatable with techniques such as finite-element
analysis, siren and impulse testing for mode shapes, and application of damping treatments where
required (ref. 1%).
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Figure 9, - Publicity poster used for 1977 ASME International Gear Conference
portraying conference theme. Encyclopedia Brittannica (ref. 1) dates the
Chinese South Pointing Chariot to the 27th century B.C. The figure on the
chariot points south and is driven by differential gearing as elaborated by
George Lanchester in a lecture before the China Society. (Dates and gearing
pertaining to the legendary South Pointing Chariot are conjectural,)
Reference 4 contains a balanced summary of scholarly evidence connected with
this interesting chariot.

Gear Materials

Gear materials and treatments are continuing to advance the capabilities of gears in hardness
retention at elevated temperatures, in higher strength, in scoring resistance, and in durability (refs. 16
to 19).

Plastic gearing and other alternative materials are being studied, and their performances
quantified to establish the boundaries on their usefulness. This endeavor is mandated by reasons of
economy and the shortage of critical raw materials. Molybdenum disulphide-filled cast nylon gears
are finding use today in a wide range of industries. If allowances for the special problems of thermal
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-j] Figure 10. - Gearbox with epicyclic gearing capable of handling 3700 hp used
in a huge, 2500-kW wind turbine, Gear drive is a three-stage epicyclic
t‘ speed increaser utilizing the Stoekicht principle of flexible annulus

! coupling rings for even load sharing. Design is smaller and lighter than
parallel shaft configuration. (Courtesy of Philadelphia Gear Corp.)

expansion and creep are made, these gears were found to fail eventually by a fatigue fracture after
many millions of stress cycles (ref. 20). Studies on the temperature rise in plastic gears during
operation have also been conducted (ref. 21).

h'.“ X Gear Manufacture

Demands for high-power, high-strength bevel gears are made for steel rolling mills, bow
! thrusters for off-shore drilling rigs, and high-performance marine craft such as surface-effect ships.
Spiral bevel gears for these applications have resulted in the development of production machinery
for generating 203-cm (80-in.) diameter, 30-cm (12-in.) face-width gears (fig. 11) (ref, 14), The
carbide toothed skiving hob for finishing hardened gear teeth was developed in Japan in 1963 and
continues to be the object of research (ref. 22). Honing the skived surface can produce a finish of 0.5
to 0.8 um rms roughness using a newly developed screw-shaped hone made of an elastic polymer
embedded with abrasives. There is also a new shaped shaving hob for finishing gears of large pitch.
While shaving to improve surface finish is not new, conventional gear-shaped shavers are expensive
] to maintain. The new screw-shaped shaver is economical to make and resharpen in a lathe (ref. 23).
[ Spiral bevel gears may now be finish-machined in the hardened condition on the same machine
as was used to rough-cut the gear (fig. 12). The gears are brought to a surface hardness of
A 60 Rockwell C by carburizing and quenching, while holding the gear in a press to minimize

q distortions. The gears ar then finished in the hard condition using carbide cutters to obtain surface
finishes in the range of 0.5 to 0.8 um (20 to 30 uin.) and precision comparable to AGMA quality 12, |

Numerically controlled, three-axis dressing of finish grinding wheels has been developed. The
system is capable of dressing complex shapes in the grinding wheel used to finish grind complicated
worm-gear profiles (ref. 24).

In addition to this use of computers to control the gear manufacturing process, a more
4 comprehensive application of computerized methods has been applied in Switzerland. The
CAD/CAM manufacture of spiral-bevel gears is used to do design layout, calculaie machine settings
for manufacture, analyze the meshing conditions, and do the stress analysis (ref. 25).
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Figure 11, - Large spiral-bevel gear is manufactured using rotary cutter
method. Gears can be cut in the 50- to 80-in.-diam range with up to 12-in,
face and 0.75-in.~-diam pitch. Such gears can transmit 5000 to 6000 hp.
(Courtesy of Philadelphia Gear Corp.)

Figure 12, - Precision hard-cut process for generated spiral-bevel gears
Gears are cut in soft condition, deep carburized to Rockwell C 60, press
quenched to minimize distortion, tnen precision finished in hard condition
by special carbide cutters on the same machine as the original cut.
(Courtesy of Philadeiphia Gear Corp.)
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NASA Contributions to Gearing

Beginning in 1969 the NASA Lewis Research Center embarked on a comprehensive gear
technology research program. This work is beiug continued under the NASA Helicopter
Transmission System Technology Program. Some of the important results and continuing programs
are presented in this section.

Metallurgical Effects

The metallurgical provessing imposed on a gear steel from its elemental plate to the finished
component can significantly affect its ultimate performance. Even the type of ore from which the
various elements are extracted can exercise some influence over later component life. Theoretically
then, a large number of variables could be considered in &etermining the rolling-element (surface
pitting) life of a potential gear material. This beconggs a nearly impossible task.

There is only a small body of published data on material effects on gear pitting life. Many of the
gear alloy improvement programs have been evaluated by rmaechanical tests rather than by rolling-
element component or full-scale gear surface pitting fatigue tests. Since rolling-element fatigue is a
unique property, it is not, as such, necessarily possible to correlate it with more standard mechanical
tests (refs. 26 and 27)

An extensive program is being conducted by NASA to evaluate potential gear materials, Tests
have been conducted on NASA Lewis’ gear fatigue apparatus (fig. 13; see refs. 17 and 28 to 33) and
General Electric’s rolling-contact (RC) tester (fig. 14; see refs. 34 and 35). Figure 15 shows the spur
test gears used at Lewis in the gear fatigue test rig. These gears are 8.9 cm (3.5 in.) in pitch diameter
and have 28 teeth. Four such rigs (fig. 13) are used to perform long-term endurance tests. The effects
of materials, lubrication, and design on gear life are being studied.

Several different types of gear failure occur, as shown in figure 15. Scoring is caused by poor
lubrication and high-temperature operation. Tooth fracture is caused by high tooth bending stresses
and is aggravated by poor heat treatment. Fracture usually begins at the root of the tooth, but may
also originate at a surface fatigue pit. Surface fatigue pitting is caused by repeated application of
contact stress. The higher the contact stress, the more rapidly failure occurs.

Gear Materials

Scoring and fracture failures may be controlled by proper design, but fatigue pitting is an
intrinsic problem in gear applications. Pitting is an unavoidable event that eventvally ends the useful
life of a gear. Figure 16 shows data for test gear failures due to pitting fatigue. The failure points are
plotted on Weibull coordinates, which give the cumulative percentage of failed specimens as a
function of running time. The notable feature of presenting the data this way is that it emphasizes the
relation between life and reliability. For instance, the life at which 10 percent of the gear specimens
have failed is denoted the L g life. This is conceptually identical to the By life for bearings. The L;q
life corresponds to 90-percent reliability; the L s life corresponds to 50-percent reliability. Other life
numbers may be defined as the degree of reliability required changes.

Figure 17 shows the resuits of surface fatigue tests of six gear steels. AISI 9310, the vaseline for
comparison, is assigned a relative life of 100 percent. In the tests only pitting fatigue failures occurred
in this material. The CBS 600 gears had an L g life 7.5 times that of the AISI 9310 gears, The failure
mechanism was primarily pitting. In some cases the cracks near the pitting failure propagated
through the tooth to cause fracture. The forged AISI M-50 material behaved simlarly, with a life six
times that of the baseline AISI 9310. The AISI M-50 and CBS 1000 gear steels have good high-
temperature hardness retention, which results in longer life at elevated operating temperatures.

Gear Forging

Gears made from through-hardened materials or case-carburized materials (having a high
percentage of alloying elements) have a tendency for gear tooth fracture due to bending fatigue as a
result of extended running after a surface fatigue spall. Figure 15 shows a typical tooth fracture
emanating from a surface fatigue spail. One fabrication method that has the potential to improve the
strength and life of gear teeth is ausforging. Ausforging is a thermomechanical metalworking process
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Figure 13. - NASA Lewis Research Center's gear fatigue test apparatus.

whereby a steel is forged or otherwise worked while it is in the metastable austentic condition (ref.
36). The applicaiion of ausforging to machine elements such as rolling-element bearing was first
reported (ref. 37).

Tests were conducted (refs. 31 and 32) at 350 K (170° F) with three groups of 8.9-cm (3.5-in.)
pitch diameter spur gears made of double-vacuum melted (VIM-VAR) AISI M-50 steel and one
group of CVM AISI 9310 steel. The pitting fatigue life of the standard forged and ausforged gears
was approximately 5 times that of the CVM AISI 9310 gears and 10 times that of the bending fatigue
life of the standard machined VIM-VAR AISI M-50 gears run under identical conditions, There was
a slight decrease in the 10-percent life of the ausforged gears from that for the standard forged gears.
Hwever, the difference is not statistically significant. :
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Figure 14, - Rolling-contact fatigue apparétus.
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Figure 16. - Weibull plot for pitting fatigue
failure of CBS 1000 specimen gears compared with
baseline dispersion in life for AISI 6310 gears.
Tests conducted on the NASA gear-fatigue test
apparatus.
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Figure 15. - Typical gear-tooth failure hodes.
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Figure 17. - Summary of gear-fatigue test results
for six gear steels.,
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The standard machined gears failed primarily by gear-tooth fracture, while the forged and
ausforged VIM-VAR M-50 and CVM AISI 9310 gears failed priiaarily t .-rface pitting fatigue.
The ausforged gears had a slightly greater tendency to fail by tooth fracture . = .. e standard forged

gears.
While gear forging offers the potential for long-lived, reliable gearing, especially for the high
alloy steels, both the cost and the availability of forging facilities may outweigh its advantages at the

present time.

Gear Life Predictions

The fatigue-life model proposed in 1947 by Lundberg and Palmgren (ref. 38) is the commonly
accepted theory to determine the fatigue life of rolling-element bearings. The probability of survival
is expressed as follows:

1 Tcpev
log;o: ” 1)
where

e Weibull slope

h,c material dependent exponents

s probability of survival

volume representative of the stress concentration or *‘stressed volume”’

depth of the critical stress

millions of stress cycles

critical stress

Much of the work by Lundberg and Palingren was concerned with connecting the basic equation
to common bearing geometry and operating parameters (ref. 39). In order for the theory to be
directly useful for gears, the NASA research used the same approach (refs. 40 and 41.)

The Weibull slope, e, and the load-life exponent, p, were directly determined by conductmg life
tests under several load conditions for a group of gears. The results of these tests conducted for three
gear loads with three groups of AISI 9310 gears (ref. 42) are shown in figures 18 and 19. Life was
found to vary inversely with load to the 4.3 and 5.1 power at the 10-percent and 50-percent life levels,
respectively. The average Weibull slope was 2.5.

Using the exponent values determined e¢xperimentally from the gear tests, the life distributions
for the three groups of AISI 9310 gears were calculated. These distributions are plotted for
comparison with the experimental data in figure 18,

The AGMA has published two standards for tooth surface fatigue (refs. 43 and 44). These
standards are AGMA 210.02 and 411.02. AGMA 210.02 provides for an endurance limit for surface
fatigue beiow which it is implied that no failure should occur. In practice, there is a finite surface
fatigue life at all loads. AGMA 411.02 recognizes this finite life condition. Therefore, it does not
contain an endurance limit in the load-life curve but does show a continuous decrease in life with
increasing load. Both standards are illustrated in figure 20. The AGMA load-life curves shown are
for a 99-percent probability of survival or the L life (ref. 45). The experimental L, Ljq, and Lsglives
are plotted for comparison.

It is evident that the load-life relation used by AGMA is different from the experimental results
reported herein. The difference between the AGMA life prediction and the experimental lives could
be the result of differences in stressed volume. The AGMA standard does not consider the effects of
stressed volume, which for many gears would be considerably different from that of the test gears
used herein. The larger the volume of material stressed. the greater the probability of failure or the
lower the life of a particular gearset. Therefore, changing the size or contact radius of a gearset, even
though the same contact stress is maintained, would have an effect on gear life.
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Tooth Profile and Pressure Angle

A majority of current aircraft and helicopter transmissions have spur-gear contact ratios
(average number of teeth in contact) of less than 2. The contact ratios are usually from 1.3 to 1.8, so
the number of teeth in engagement is either one or two. Many gear designs use a pressure angle of 25°
for improved tooth strength, giving a contact ratio of approximately 1.3. This low contact ratio
increases dynamic loading of the gear teeth, increases noise, and may semetimes cause lower pitting
fatigue life.

High-contact-ratio gears (contact ratio greater than 2) have been in existence for many years but
have not been widely used. These gears have load sharing between two or three teeth during
engagement; there is, therefore, usually less load per tooth, and the gears should operate with lower
dynamic loads and thus less noise.

High contact ratios can be obtained in several ways: (a) by smaller teeth (large pitch), (b) by
smaller pressure angle, and (¢) by increased addendum. Any of these methods produce gears that
tend to have lower bending strength and increased tooth sliding. Increased sliding may cause the
gears to run hotter and have a greater tendency for surface-distress-related failures such as
micropitting and scoring. .

Profile modification (changing the involute profile at the addendum or dedendum or both) is
normally done on all gears to reduce tip loading and scoring (ref. 46). However, if done improperly,
the dynamic load could be increased (ref. 30). Several profile modifications have been produced that
would reduce scoring and improve the performance of high-contact-ratio gears. One such proposal is
the so-alled new-tooth-form (NTF) gear, which has a large profile modification at both the
addendum and dedendum. The profile radius of curvature of this proposal is also reduced at the
addendum and increased at the dedendum in an attempt to lessen sliding and therety reduce scoring
of high-contact-ratio gears. However, a gear geometry analysis (ref. 47) indicates that sliding is
independent of the profile radius of curvature.

Under NASA contract, the Boeing Vertol Co. dzsigned and manufactured two sets of NTF gears
and two sets of standard gears for the purpose of evaluating and comparing them. Scoring, surface-
fatigue, and single-tooth-bending-fatigue tests were conducted using four sets of spur gears of
standard design and three sets of spur gears of NTF design (ref. 48; fig. 21). The scoring tests were
conducted on a Wright Air Development Division (WADD) gear test rig at a speed of 10 000 rpm at
the Southwest Research Institute. The surface fatigue tests were conducted on the same test rig at a
speed of 10 000 rpm and at maximum Hertz stresses of 173 X107 and 148 x 107 Pa (250 000 and
214 000 psi). The single-tooth bending fatigue tests were conducted on both the standard and NTF
gears starting at a bending stress of 104 x 107 Pa (150 000 psi). The stress was increased until failure
occurred at 3 x 106 cycles or less.

The re<ults of the surface fatigue tests are shown in figure 22. The pitting fatigue lives of the
standard and NTF gears were statistically equal for the same maximum Hertz stress. The pitting
fatigue life of the NTF gears was approximately 300 percent better than that of the standard gears at
equal torque or load.

Figure 21, - New-tooth-form (high contact ratio) and standard low-contact-
ratio gears. Test specimens for Wright Air Development Division gear test
rig.
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Figure 22, - Pitting fatigue lives of standard and new-tooth-form spur gears.
Speed, 10 000 rpm; temperature, 370 K (207° F); lubricant, synthetic polyol
ester,
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Figure 23, - Performance of new-tooth-form gears referenced to performance of
stanadard low-contact-ratio gears. Testing conducted in Wright Air
Development Division test rig.

The improvement in fatigue life, however, is not without a price (fig. 23). Additional tests
showed that high-contact-ratio gears are more susceptible to scoring.

Both the standard and NTF gears scored at a gear bulk temperature of approximately 409 K
(277° F). At this temperature the load on the NTF gears was 22 percent less than the load on the
standard gears. The scoring failure was a function of gear bulk temperature, where for a given
lubricant the temperacure is a function of gear design, operating load, and speed.

The bending endurance fracture limit is 15 percent lower because the teeth of the high-contact-
ratio gear are more slender. Also, these gears run hotter because of increased sliding of ihe longer
teeth. With proper lubrication and design, though, the high-contact-ratio gear can be used to achieve
longer life and more reliability.

Spiral Bevel Gears

NASA is conducting a fundamental study of spiral-bevel gear technology. From a study of the
current state-of-the-art, significant advances can be achieved in reducing gear noise and vibration,
better estimates of gear strength and life, as well as better lubrication techniques which will reduce
wear and minimize temperature rise. Figure 24 shows a set of test specimen gears that are used on a
spiral bevel gear fatigue tester.
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Figure 24, - Spiral bevel test specimen gears for Figure 256, - Spiral bevel gear tooth showing
NASA spiral bevel gear-fatigue test rig. Spiral features of tooth contact geometry.

angle, 35°; face width, 1 in.; shaft angle, 90°;
pressure angle, 22 1/2°; 12T pinion, 36T gear.

Spiral-bevel gear noise is significantly higher than spur-gear noise. If gear noise in helicopter
drives is to be significant!y reduced, then this largest source of noise must be reduced. Also, stresses
in the root of the spiral-bevel gears are significantly higher than handbook formulas would indicate.

To adequately understand the effecis of spiral-bevel gear design parameters on noise, vibration,
stress, temperatures, and lubrication, the gear-tooth surface geometry must be defined. Analysis is
being performed to derine the tooth surface geometry using differential geometry theory. Methods of
optimizing the tooth surface contact are being studied (fig. 25).

A spiral-bevel gearset computer program has been developed that makes use of mesh stiffness
calculations based on finite-element methods, gear shaft and bearing stiffnesses, current theories of
tooth contact analysis (TCA), and elastohydrodynamic lubrication theory. The program will enable
the calculation of such things as dynamic loads, bulk and flash temperatures, contact patterns, and
lubricant film thickness. The NASA method of gear life prediction will be used as a subroutine of the
gear program,

A method for calculating spur-gear efficiency has also been developed at NASA Lewis (ref. 49).
This method algebraically accounts for gear sliding, rolling, and windage loss components and
incorporates an ipproximate ball-bearing power-loss expression to estimate the loss of a ball-bearing
support system. A theoretical breakdown of the total spur system loss into individual components
was performed to show their respective contributions to the total system loss (fig. 26).
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Full-Scale Transmission Experiments

When analysis and hench testing are successful in identifying those components that hold =
promise for improving he'icopter transmission performance, they are designed into full-scale ;
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transmissions. The Lewis Research Center has two helicopter transmission test stands, the 500-hp test
stand (figs. 27 and 28) and the 3000-hp test stand (figs. 29 and 30). Both stands operate on the torque
regenerative principle, where power is recirculated through the closed loops of shafting. The 500-hp
test stand has one loop of shafting, and the 3000-hp test stand has three. The 3000-hp test stand is
capable of testing twin-engine input transmissions having a power takeoff to drive a tail rotor. Rotor
loads are input by means of hydraulic actuators.

These test stands with their accompanying data acquisition equipment are capable of gathering
all bearing and gear temperatures, measuring the noise and vibration signatures, recording
mechanical strain on the gears and housing components, and measuring the operating efficiency.
Figure 31 shows an ir..tallation of 20 strain gages on a spiral-bevel gear which is on the input shaft of
one of the experimental transmission models.
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Figure 27. - NASA Lewis Research Canter‘'s 500-hp helicopter transmission test
stand chain drive applies torque using the torque regenerative principle.
Chain drive may turn continuously. Helicopter transmission mounted in pylon
supports at lower right, A 200-hp motor provides driving power.

Figure 28. - View of NASA 500-hp test stand from the control room.

Approximately 100 channels of static and dynamic data are recorded during
experimental testing.

69

- - S o i o R I ST NP JU VN WP SRy " ) . el W HIP P Aes maen I P U Wy




N
-
}

W
-

=

.
Y
.

k
h

‘

\

g

~
"

[ S SN TR WU 1 S ¥om

3000 HP HELICOPTOR TRANSMISSION
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Figure 29, - NASA Lewis Research Center's 3000-hp helicopter transmission test
stand. Stand has been operated since March 1981. Consists of three loops of
torgque regenerative shafting. Capable of providing rotor lift and shear
Yoads for transmissions with twin engine drive and a tail rotor shaft power
takeoff.

= 800HP INDUCTION MOTOR

_.-—COMBINNG GEARBOX

_ . —ROTOR HUB ASSEMBLY

TORQUE UNT -~~~ __—TORQUE UNIT

HELICOPTER TRANSMISSION —~ _

TAIL DRIVE . __
-

TO HELICAL GEARBOX~— CD-12550-09

Figure 30. - [000-hp helicopter transmission test stand schematic arrangement.
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Figure 31. - Spiral bevel gear input shaft for OH-58 helicopter transmission.,
Twenty strain gages and nine thermocouples installed for research
neasurements.

Spur-Gear Dynamic Analysis

A gear dynamic analysis has been developed for standard and high-contact-ratio gears by
Hamilton Standard Division of United Technologies under contract to NASA. The program will
predict the gear dynamic loads for standard and high-contact-ratio gears with variations in gear-
tooth profile modifications, in addition to variations in system mass and damping. The program is
currently being extended to include rim effects, internal gears, and multiple gear meshes.

NASA is also conducting a spur-gear dynamic analysis program with Cleveland State University.
This program is using a diffetent approach for the dynamic analysis and has a finite-element program
for gear-tooth deflections. Using this computer program for gear design will give a much better
determination of the effects of various gear and system operating parameters on gear dynamic loads
and life, and make it possible to improve the load-carrying capacity and life of gear systems.

Performance Prediction

A computer program was developed for calculating spur-gear performance characteristics
(ref. 50). The computer program consists of an iterative solution of the bulk temperature, flash
temperature, local traction, and the lubricant film thickness along the path of contact. The dynamic
load is calculated from a torsional vibration analysis of the gear train. The bulk temperature is
calculated from heat-transfer influence coefficients obtained from a finiie-element analysis. This is
solved iteratively with the elastohydrodynauic lubrication preblem for the gears. It is assumed that
the vibration problem is uncoupled from the thermal and EHD problems.

Typical results for dynamic load, bulk temperture, flash temperature, and EHD film thickness
are shown in figure 32, The calculations were done for the case of two 20° pressure angle, 36-tooth,
gears running at 7800 rpm and transmitting 750 hp. Figure 32 is a computer-generated plot, giving the
results as a function of distance along the path of contact. The origin is taken at the pitch point.
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Figure 32. - Computer program results for a spur gear mesh. Ratio 1.1;
pressure angle, 20°; 36 teeth; load, 2000 1b; speed, 7800 rpm,

Gear Lubrication and Cooling

The type of lubrication that prevents or minimizes surface asperity interaction is referred to as
elastohydrodyinamic lubrication. This lubrication mode is differentiated from boundary lubrication
in which a chemical, usually oxide, film prevents gross wear or welding of asperities during metal-to-
metal contact. in most gear applications a combination of elastohydrodynamic and boundary
lubrication exists. Definition of those parameters that affect the lubrication of gears must be
obtained and applied to gear design and operation. These parameters include surface finish, tooth
design, lubricant type, and elastohydrodynamic lubrication principles (ref. 51).

As a first step in understanding the cooling phenomena in gears, it is important to understand
how oil penetrates into the gear tooth spaces under dynamic conditions. Lubricant jet flow
impingement and penetration depth into a gear tooth space were measured at 4920 and 2560 rpm
using a 8.89-cm (3.5-in.) pitch diameter, 8-pitch spur gear at oil pressures from 7 x 104 to 41 x 104 Pa,
(10 to 6C psi) (ref. 52). A high-speed motion picture camera with xenon and high-speed stroboscopic
lights was used to slow down